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FOREWORD

This report was prepared by TRW Systems Group, Redondo Beach, California,
and contains the results of work undertaken for the purpose of advancing
valve technology for liquid propulsion spacecraft engines. The report is
published in two volumes. The work was accomplished from January 1967 to
November 1967 for the Chief, Liquid Propulsion Technology, Code RPL,
Headquarters, National Aeronautics and Space Administration, Washington,
D. C. The Headquarters Project Manager is Mr. Frank E. Compitello. The
program was administrated under the technical direction of Mr. Louis R.

Toth of the Jet Propulsion Laboratory, Pasadena, California.

The work performed on the program was accomplished by TRW Systems Group,

Power Systems Division. Mr. R. J. Salvinski of the Propulsion Auxiliaries
and Component Technology Department, Technology Laboratory, is the Program
Manager. Technical efforts provided for the work reported in Volume I of

this report, by several TRW Systems Group personnel, are acknowledged:

Dr. P. Bhuta Advanced Technology Department, S}stems Laboratories

Mr. 0. Fiet Propulsion Auxiliaries and Component Technology Department
Mr. R. Hammel Materials Science Department, Systems Laboratories

Mr. S. Lieberman System Analysis Department

Mr. R. Lovejoy Reliability Engineering Department, Product Assurance

Mr. M. Makowski Propulsion Auxiliaries and Component Technology Department
Mr. C. Mangion Propulsion Auxiliaries and Component Technology Department
Dr. H. Mann Thin Film Department, Systems Laboratories

Mr. J. Reger Materials Science Department, Systems Laboratories

Mr. M. Weiner Advanced Technology Department, Systems Laboratories

The results of efforts made on two subcontracts in support of this program

are also acknowledged:

Professor R. W. Christy Dartmouth College, Hanover, New Hampshire
Professor M. W. Roberts University of Bradford, Bradford, England
Dr. J. R. H. Ross University of Bradford, Bradford, England






ABSTRACT

This report describes the work performed by TRW Systems Group during a
12-month period with the objective of advancing the state of the art of
valves used on spacecraft liquid propulsion systems. Current problems

and future requirements relating to valve design, operation and test were
determined. Interviews were held with personnel of NASA, Air Force, and
prime manufacturers of propulsion systems to identify valve problems. New
technology was utilized where necessary, to solve problems. Areas of
study included propellant valves, valve actuators, and fluidic controls,
instrumentation and measurements, liquid propellants and thin polymeric

films. The results of the effort are reported in two volumes.

Volume I - Spacecraft Valve Technology

The valve technology study included problem analysis and problem identifica-
tion; a review of reliability techniques in the specific area of valve
redundant systems; seal leakage; and conceptual studies. A bipropellant
valve concept requiring no-moving parts is described. Surface tension of
liquids to provide valve sealing was studied and test data presented. A
no-moving parts valve based on the principle of electroplating to effect a
zero leak shutoff and throttling function was fabricated and tested. Con-
ceptual tests were performed in a simple shutoff valve utilizing the inter-
action of magnetic fields on liquids to shift the liquid from off or on

flow positions.

The applications and limitations of valve actuators were determined and
new technology reported included a high speed actuatory study. Reported
are a monopropellant and bipropellant actuator, and a thermal actuator
concept. The monopropellant actuator was fabricated and tested to deter-
mine feasibility. An investigation of thin film beryllium for use as an
electrical conductor at low temperatures showed constant electrical re-
sistance within 1 percent over a temperature range from ambient to liquid
N

pneumatic, chemical and thermal.

2 Actuation techniques studied include electromechanical, hydraulic,

ii






The advantages of applying fluidics to liquid propulsion systems are re-
duced size, and weight, with increased reliability. The most common fluidic
devices were studied relative to configuration, performance, fabrication and
materials, specific functional parameters, propellant compatibility, and the
space environment. The technical problems and standard application criteria
were reviewed, and the analytical techniques used to synthesize and design
fluidic systems from the components level were outlined. Conceptual studies
were initiated in the areas of pressure references and fluid flow regula-

tion. An extensive bibliography is included.

e
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In-flight leakage and valve positioning measurements criteria were establi-
shed. The application of thin polymeric films as compatible coatings and
valve seals were considered. In support of the work, an investigation was
made of the formation kinetics of the films applied by electron bombardment
techniques.

Volume II - Mater33154Compatibility and Liquid Propellant Study

This volume includes the results of surveys pertaining to the materials
compatibility, shock sensitivity, lubricity, viscosity, radiation toler-
ances, and effects of leakage for 21 liquid propellants in present use or
anticipated use within the next ten years. The information contained here-
in results from review of the literature listed in the Bibliography at the
conclusion of this section. A new test method was studied pertaining to
the evaluation of materials compatibility with propellants for long term

storage.

Also included in this volume is a report on clogging of filters and

orifices during flow with N204.
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I INTRODUCTION

This Interim Report represents the work accomplished under the Advanced
Valve Technology Program between 1 November 1966 and 1 November 1967. The
objective of the work is to advance the state of the art of valves used on
spacecraft liquid chemical rocket engines. The approach taken to meet the
objectives during the program period involved two major steps: 1) problem
definition, and 2) problem solutions. Problem definition resulted from
efforts expended on interviews with personnel working in the propulsion
control areas and a literature search. Problem solution was approached
through conceptual design and analytical methods. Technological disci-
plines not normally utilized in valve design were employed where their
application to solutions to problems appeared promising. ''Brain storming"
techniques were applied freely as well 'as the systematic approach to

concepts evolution.

The types of valves studied included thbse necessary for the regulatibn

and flow control of liquid propellants and gas pressurants. The propellants
considered were the earth and space storables and the hard cryogenics. Gas
pressurants at pressures up to 1000 psia for both hot and cold service were
considered. Electrical, pneumatic, and hydraulic actuators and actuating
concepts were included in the valve study. The functional parametric re-
quirements for valves and actuators studied included zero leakage, minimum
pressure drop, minimum power consumption, service life to 10,000 cycles, and
maximum response. Environmental parameters included the space and planetary
environments, shock and vibration, sterilization, materials compatibility,

thermal cycling and thermal shock, low weight, low cost, and minimum size.

The above requirements and other effects anticipated were considered for
valves operating for periods of two, five and ten years in the space and
planetary environments. The ten year requirements were considered for longer
missions beyond Jupiter to the outer planets, Saturn, Uranus, Neptune and
Pluto.

1-1






An outline of the program plan showing specific areas of study is given
on the next page. A summary chart of specific tasks undertaken during
this reporting period is given on Page 1-4. Task I through V depicted

in the summary chart are reported in Volume I. Task VI is reported on
in Volume II.

1-2
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Vi.

NAS 7-436 ADVANCED VALVE TECHNOLOGY

SUMMARY OF SPECIFIC TASKS - Period November 1966 to November 1967

Objective: To advanca the state of the art of valves used in liquid propulsion spacecraft engines.

VALVE STUDY
A. Valve Analysis Chart

Program management aid in defining and evaluating problems related to propulsion valves operating in the space environment.

Includes functional parameters and valve performance with propellants.

Surveys

Agency
Literature
Analysis
B. Redundancy Study
. Diaphragm Vclve (concept)
D. Electrofluid Control Study

Electric Interaction Control (concept ) (Fabrication and Test)

E. Electroseal (concept) Fabrication and Test

————e Problem Definition —— Problem Solution

New Technology

F. Surface Tension Conceptual Stud
Electromagnetic Capillary Varvo (new concept)
Relief Valve (new concept)
Check Valve (new concept)

G. Seal Leakage Study

ALL FLUID CONTROLS - DETERMINE THE APPLICATION OF FLUIDICS TO LIQUID CHEMICAL PROPULSION CONTROLS

A. Agency Surveys

8. Fluidic Component Study
State of the Art Review
Operation and Performance
Fabrication and Materials
Functional Parometers
Space Environments

C. Application Criteria

ACTUATOR STUDY

A. Investigate beryilium for low temperature (to -420°F)
Electrical Resistivity
Thin Flims

8. Hi~Speed Solenoid Actuator Study

C. Conceptual Studies

Therma! Actuators
Chemical Actuators = Fabrication and Test

INSTRUMENTATION AND MEASUREMENTS

A. In-flight leckage
B. Valve Position Indicators

C. Conceptual Studies
Electromagnetic Meter
Acoustic Meters

THIN FILM STUDY

D. Conceptual Studies
Fluidic Pressure Regulation
Fluidic Control Systems
Vortex Regulation (concept)
Vented Jet Performance Tests
E. Andlysis
Analytical techniques
Analytical tools

Investigate the opplication of thin polymeric films applied by electron bombardment techniques.

Materials Physical Properties Functional Parometers Environments Subcontracts
Cyclic Siloxane Thermal Stability Cold Welding High Temperoture >1200°F Dartmough College
Lineor Siloxane Solvent Attack Propeliont Compatibility High V. N 10-‘3 H University of Bradford
Cyclic Hydrocarbons  Flexibility Lubrication Am’ds acuum fo mm g
Substrate Adhesion Sealing S:,' ant
Physical Continuity vents
LIQUID PROPELLANT STUDY (VOLUME 11)
A. Effects of propellants on valve design
Earth Storables Space Storables Hard Cryogenics  Parometers

Hydrazine

Monomaethylhydrazine
Unsymmetrical Dimethylhydrazine
Aerozine-50

Pentaborane

Diborane
Hybaline AS

Liquidfied Petroleum Gasses
Chlorine Trifluoride
Oxygen Difluoride

Perchloryl Fluoride
Nitrogen Trifluoride

Nitryl Fluoride

Tetrafl uorohydrazine

8. Clogging of Filters and Orifices
Gel Formation During N204 Flow

TRW SYSTEMS

Liquid Fluorine
Liquid Hydrogen
Liquid Oxygen
FLOX

Materials Compatibility
Control of Flow
Leakage

Lubricity

Rodlation Tolerance

Gels Shock Sensitivity
f Viscosity
Metalized Sterilization

Nonmetalized

R.Ja Salvinski, Program Manager

Redondo Beach, California
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II. VALVE STUDY

This section presents the results of work performed with the objective of
advancing the state of the art of valves used on liquid propulsion engines
operating in space. A rating analysis chart is used as an aid in defining
areas where advancements in valve technology is required. A redundancy
study is included in this section and includes a discussion on the appli-
cation and limitations imposed on series and redundant valve configurations
using present analytical techniques. Also reported are the results of
several conceptual studies, and a permeation leakage study, undertaken to

investigate analytical techniques for predicting leakage through seal glands.

Page
Valve Component Rating Analysis Chart 2-4
Redundancy Studf 2-8
Diaphragm Valve ' 2-25
Electrofluid Controls 2-27
Electroseal Concept 2-36
Surface Tension Conceptual Study 2-42
Seal Leakage Study 2-59
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VALVE COMPONENT RATING ANALYSIS CHART (TABLE 2-1)

The valve analysis chart is used as a management aid in defining the areas
where advancement in valve technology is required. A reliability rating
technique is used for defining and evaluating problems felating to the
state of the art of valves used on liquid chemical propulsion systems.

The reliability rating is assigned to each valve and valve element which
make up a valve assembly and qualitatively relates to a functional para-
meter; the performance of the valve or valve elements operating in a

propellant; and the space environment.

Reliability ratings assigned to various combinations and components and

parameters have the following definitions:

Rating

1 A serious problem exists for which there is

: " no satisfactory solution.

2 A probleﬁ exists, but a remedy may be available.

3 Satisfactory; i.e., within the state of the art.

U Necessary information upon which to base a
judgment was unavailable.

NA Parameter is not applicable.

The planetary characteristics and mission parameters presented in the

chart were considered for mission durations of five to ten years. Missions
of five to ten years may be categorized as those in earth orbit such as
communications satellites and those intended for planetary exploration such
as missions to Jupiter and beyond to the outer planets. Probably the most
significant parameter to consider for long term missions are problems re-
lating to the effects of space environment on materials, materials' aging

and materials' compatibility with propellants and pressurants.
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The ratings depicted on the analysis chart, Table 2-1, were based on the
results of survey studies and work performed under this program. The

surveys conducted include:

e Agency Interview
° Literature Search

e Propellant Study

A propellant study was performed under this program and is reported in
Volume II. Personnel knowledgeable in the valve development and associa-
ted technical fields were interviewed for the purpose of establishing the
state of the art of valves used in liquid rocket engines and to determine
valve problems relating to present valve technology and to establish valve

requirements which are applicable in five to ten years.

The agencies contacted during the reporting period were:

Bell Aerosystems, Buffaio, New York
Bendix Research Laboratories, Detroit, Michigan

General Electric Company, Advanced Technology Laboratories,
Schenectady, New York

Hughes Aircraft Company, Los Angeles, California
Hydraulic Research Corporation, Burbank, California
Jet Propulsion Laboratory, Pasadena, California
Marquardt Corporation, Los Angeles, California
McDonnell Douglas Aircraft, St. Louis, Missouri

NASA Goddard Spaceflight Center, Greenbelt, Maryland
NASA Lewis Research Center, Cleveland, Ohio

NASA Manned Spacecraft Center, Houston, Texas

NASA Marshall Spaceflight Center, Huntsville, Alabama
Parker Valve Company, Los Angeles, California
Stanford Research Institute, Palo Alto, California

Sterer Valve Company, Los Angeles, California

2-3






t Jt |n In fo [a [enJwn]we Je [ [50]2 Je [ ¢ T1¢ ¢ ]z Jefez e efe Je Jefje [e Je (¢ e Jcfe cfleje]e Sany Tty
13 13 4 3 € 3 v € t € T T 3 T T T F V T T T € T T 3 € € 3 T [] € € 3 T T 3 3 3 3 mduds ONYSITOS [ 2 Ny
EEEE RO b T fe Tz [T g 1 e« [eefe ¢ feefex[ef ehe J© [¢€[¢ |¢ [¢ (¢ et [t [cft ¢}« axum mwm n
G 1 3 T T T Tt 1T [0 2 0L 3 L 4 I L 0N B Tl [T T[T [t |t Tl¢ T € T|C tfec Ssaevis swony davtanv xS e sws
© | T qn o o fn In[n [" [7(” o ]! lElrlr e [nlw1g [F0f & |€ W I ¢ Jn EiJe fefeefe Jele anon] ¢ ny

T o N L AL LA 1T T T T e [ effE fc (¢ [¢ [€ ¢t |t e et c[f [¢€]¢ menn] 2 v
(3B 0 3 ¥ G T c {c € €t [€ © T 13 R G R T e [ tfr |¢c £ {c H t t oz € I3 tje [ K] WL v Ny
X320 O RS T K K T O I O I REIENE T[T T T N OO B ESERE L amon | = Ny
t |2 ifn 0 [k AR GR 1R I T n A ERID 1 [ 0 1 ¥ 1 20 K3 T [t =3 K n i € T]e 38 B3 t]e wwsam | = nv
L LA A L G L O G A O G L L S L A N A A R AN AR A B8 AN BLAN LA L3N LA B L2 L L L LR L L (TYIIW) SreOveuvia | 2 5. x ny
(R 1 T 3 [ t {f T € n |z T T [RERE e 128 I3 z Tt |¢e 3 3 [ 3 € X Ig [ I3 t]e ]t SMONTN mmq Y
T L IER SR R EEIRLE RN EE N R LB IR cz[c Jc et |c|e |¢|¢ $10AM MUY v
A E N OEE T [ ) T BLBE N rAraneE A T e e g qF [F F |87 TIFIFIF IZIZF |7 |# W mmm v
e et {1 o [n {n f1 [ | [y [0 n nic |n (R o tn T T fn|n 1 In |n |1t ] e tfe €] t ]t EIT A43 v
T [T LIRS T W I ZILZILELE LB ran n LR O I X153 P I L A 2 T[€ T[e T (¢ T |c vaorr-n]” 7 v
(I GO G YO P O T I A A A L L N L N N ¥ T I1F 1T T T el [ €] f¢ (¢ wousw | v
t |t n a n n n n Ia T T [0 n T n ) n nln niln Al A £ n ez cfe cle 3R Ao nw Ty
G 28 O T [ I T T o [h JT LR n o [n nyn Il f rL TI[ect] € [C tje €l SIAK 19w WINI Mw Ny
EEAEE LA T T T L2 B L LB S RL R L S U L Al AL L B KNS B LN AN Siarm0 mis Y] § Ty
G O AR T N MRS LEBLE 28 E B O L O T T A LN LN LI AL A LA s3amo mios ] v
noJe [ v v Jvn [ vR[vyN [ YN [ VR YR [ v g W [ VN[ ¥ VN | VH| YN [ YH[ VN VW WIW[WI T[T L3 I Tt L L nnos 5
t |z 1 a |n " n n (" " O O O KD L) nlt | n nn A ln 0] nqn [n n(n 1z T T T]°¢ CR I3 T (€ [SIH] 010W 1531 m s we
Tt T s e ferteerterfrtn e e tn ot a o m o[ 0% [ ¢ 18 1% IF 1F 1™ ] " "] [~ ][ ™™ Sonvain] § s
T et v sn e [ ve [T er ekt VR v € [ | YR ve | [ vn | vel v vN|ve [ vejve [y iw [w e [T [ € f&¢ T e [ ¢ f¢ Suvwnrsd] 8 ]
[ 3 v [ n n n a|n | et [ 3 € (33 n nla nln T T gL [€ 3 3 t 2333 BB Efe 38 3 Tt QIONNOS s
t el T I Tn i R v e T eie e (e (2t fogfeege (e It jv [V It TIETEIT [ E1F [ &FFT ] T
€ |t X2 L T T r It T GEL3 T T T Tl ¢ Jeifz {7 TE|Tel - - Zft |¢€ T It |t T [} Tl T {t Tt T (T SIwEs JNLYIS mm ny
T -2 |2 BE | |2 7 T [T [T £ |FT & AT T TlE [l ||t} T §t Tt (£ € T FA[ET| ZA[ £V & | ATET RO AV T [wnmoas
8 CA LR BRI U FR (TR S 0 =2 G Ao I L I L It M LT RN OR[N SN B LA LA £ A R 4 YT T TIT [T [ (& [F i owenia | v
rEE A TEE GG G AR rEirEAr 54 "4 R R LS LA RAI AR KA RAR RAI XD A LA R A LB LB L L L L LA A I i svrouvis| 2§ Tw
188 L2 I L3 L K3 U U AN R rIrAR Al RO LA RN LB N E L R N RA0 AN R LEE LN LN LN R L LA LB A LB B kil semon el "2 P woas
T0c T T 4 ¥ v T 1c T LI A U L 4 L3 3 K L I o [ LD K38 L |t (v |v ¥ Tt €]« 1T v WOYBYIO ISR B
BEIED R AR A (AR KA O [ EAN L B € HEB AR B GRRA X kL T |t [t |t (¢t t]c t]e t]rc t1]¢ Avm w 5wy
ARG CARAEE CARH E LELEBLELE A LE EASS IS LN LA R LSRRI K22 L LA L2 A A L LI L3 LA LA L L L aece] & [m'n woAs
ez |t T T 3 v € qec H [ [0 3 € NG DN ESN IENE | e |t T [t [T [T [¥ e Tt L3N I3 Tt (VIS DA 04 I - s
tam ram s 600 S AH RCR BLI SRS FRATAIFRE 2] "24 BRI A 3 Al B Bl Bal bal Sl Bl il bl Sl bal Al Sl Bl I L E ERI ERICAI B O ETC e NI E it ]
t ]z N ! 1 ! t 1 ara ‘a\-_ A FAD £ |4 |t R ¢ |4 o + I W & ;ﬁ £ K K IR RIS EEIERE IIINNOISKT 30 1)1 QI00H N
TN T VN [ VN [ VHEYN [ VIV Rzt a | n o T | v € W | YNl YN T YR YN | VYN[ vl YN va [ vl vN YN (VN [va | § JvN | g 2] A | CE| CE[ L OIVINOTN S¥D LOH m -
T T VR TSR IS 9 [ VRN J T [ e[ et [CT fee | V] vid € [N | vH[ ol [ vri| v | we] viif N [vH | ¥H|WN W VN jym v 2| t | € T]E £ [#£ WOLv N0 4v0 QICI) )
EAEA K n n n n n |n I 2 £ £ T T T T T Y L4 14 T T T T L3 T T T [] eI eIt 4 3 t F My WO INIA m A
mlee T b T I Rl T (2 7 o e [ e [F [ {e J¢ Jv ¢ fegfee] e ¢ [E]¢ |4 |4 1301rwes <
=313 n n n z ' [ 1 JoC o L et € [3 B T I3 £t 3 3 € T [ € t C [3 5 % -zt [3 € € t € € ONINIIW 201 i

A HEE BHEHEBEEHHBERBEBEEHEHRHBHEE HEHHHHE —

_wm HEH B < z s{s|s|z] |2 § sle121atz18|%2)7° (¢ g 8= mm £ 12|88 8

o ] HEIELE Zlzii|69jZ|z1%5)212 ] H 5 2]z 2
N3 m Mm 5 FRE m $ > ol *lels|Z15)3 2 . z w z z z

SHLA g1elsl=] |3 SHHHEHHBHE E :

= H 7 =1z gl 2| 21F
- : R HHEEHEE 3 g g

g 5 Al ® tls|s g =
H 9 z R1~7}12 g B
z - * 2 &
1201w} N e e SIMYROL 1vas STVIONS v swvo
ARYIINOW HITW DNVIIOHTM .
LUVHD SISATVNV ONILVY LNINOJWOD FATVA  “T1-T A18VL







A
avw
4 wizie € € £ 4 n YN |2 YN SN ALY
3 wiz|c € € £ € n AL K4 N LD [N AL
C wizle € t € € n € € WN -1 1 AL
o [wezfe o e e e T ez [t fwalt [TT[ww
¢ Jwezfc o o [o In n Jer |t [ez{c [c [ww
¢ [wafe [€ € |t |¢ LI ECE U A L L A
€ el ¢ T « € C n YN |2 -z |f 4 AL
e fwiafec e |z [T [t n lww itz [wn|tz [t fi?
-z fwelt z n n In n |z N2 3B
© [wiEt |t |t € [T A A N L R i L4
¢ [wmafe |£ {¢ |t |t a[c [t [t |2 [T (¢
G A G G AW T [ (T[T
Cvwmafe Jev o [e [ AN ER
e [malt |z |t [z fet 0 jvw |t | w |t Joefe
i T [wAE |7 [E [T If n vt [ wW[T T |t
! e jwiale ez fe [ fe o Ju |t ¢ |z [ 33
' WM INVION H wmAalt H T [ 3 n N |t T T 3 H
[ Wty ot (¢
i ™ 5o 1 U200 ( ¢ ma[c Te e [e ¢ BB ERG
NOHVAISSW HUM OLVIDOSSY
ALIWEVITIN 3004 NO OXYS SNIYY (1 T [wmAfe fr |t ]t |t IO
w4 t Jwizfc 3 ez ez [e-t n N[ T T |t T |t
TISSTRNGT §¥ 0N INVITMON 1Y
5w € [n [t |n [r [® [n Ol O NG
NOILYING 1NOHS e fwafc Jraojr {e Je o Jew e o Jet ] [t
o e G (I O O G I G T G I G T
ICWNCD FOVYII NO OXVE ONNYS & r |wafc € € T T o Jevfer]ezfer o oz
TOMINDD MO DNILYIIAYD NON & € wirfe frie (|t N N ez jezferge |t
WNOVA JOVE O1 OISO¥XT - n
TATVA JIOTNR 307 Seive (5 et Je fo Je e |t n [t € Je |t e |t
INPRIORANG [ " T 13 [3 € [3 n € 3 w*N | 1 wH
VOVA Ml IOIASE 304 SMILYS 61 o |mAfc J¢ |t e |t o |t e {w|i [ [
LOTNOIS0 4O DVARIN 1Y
NNUSIOW GINIANGI 4O DNIZHE & T [mA[c [T [t ]r [ A o 1f {7z ]2 |=7
sion B [wAfc T 3 AN 3 o e 3 YN[t [ 3B K]
T [WA[E [t [ov[Tr [T L I G Al 53 I R
LIIN0DEKE 30 TH NIvnInd -4 € wape e e Je Je nOje qo o pE o pec NIt
12TINOISN KO T3 ONON - € |wAafc 3 3 € f n jer e rojrz i |t
NOLVWION YO YO W ¢ [wafc fc¢ e ¢ |t o [¢ Jt [¢ ft |¢ |¢
ROLVINON SV 0D - ¢ |mA[t |z |t (€ |t nJez fc ez ] o qe
o i A 20 %G H H 13 T DI CE L WIT T [v~
OIS 5 s
v w0 Wy v wiale T2 17 Tt 1t LB C3B I G2 U B AL
Nouwwora aava | [FAETETE [ET LN LANL AN R AR AN iR L
P mm_ TwA[T fT ft T ¢ wofevfe [ € [V |f [T
i Wi, € Tt [3 [] n 1 {z [3 [ € £
LAINO 11960) GINNYWINN
TRVIIY ION -vN WAt |et]t |t [t B EEE D
NOHYWIORN THVItYAYNG -1 o fwalc {o T o e n Jet]e G © [e2
009 £
) Fd 5 < 2
wvd - 3 3 m 3 m m m > i H g £ ] 218 |m ..m
8|52 z 0| 2 [R2) & £ |8¢ €:
004 -1 z HE M EIEE R 2 (=% 31 5 [25|s
OUIRDYVIMO onive | 2R i1°|s|& 218l & m uw H
al € HERE £ ie8|%
angon 2 £ = z 3 L3 -3 4
4 4 2 A Z FIRIE
= m b=t = w ~
2 i
: 3
NOtLvIOvY
ST WV
TVIPOWAN] 1V SBIIWYEVE THOHONY

E e







VALVE COMPONENT RATING ANALYSIS CHART (CONTINUED)
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REDUNDANCY STUDY

Introduction

In order to achieve the maximum system reliability, space systems are
normally analyzed by combining the success (or failure) probabilities of
their components in their appropriate series or parallel operating modes.
The required elements are then rearranged and redundancies introduced

until the required reliability values are obtained. The analytic method
normally used to determine reliability of series, redundant and series-
redundant valve arrays is described below. The analysis takes into account
the difference which occurs between the fail-open and fail-closed proba-
bilities normally encountered in real valving elements. This gives a
better indication of actual system reliability and the most probable

overall failure mode.

The objectives of this study are to examine the analytical procedure for
determining the application of redundant valving arrangements and to assess
their merits in relation to functional parameters and effects on system
performance not normally considered in the analysis. A review of the
analytical procedures used in determining redundancy requirements is
reported. Several functional parameters were considered which are not
normally included in the redundancy analysis and which may affect engine

performance and valve design,

Redundancy In Valving Arrangements

The reliability of a system may be defined as the probability of its per-
forming properly over the required period of time. Basic system reliabi-
lities may be computed approximately from the individual availabilities of
the component parts. However, establishing these individual reliabilities
required extensive test data on the components. Even so, the numbers may
not apply due to differences in applications. This is particularly true
in mechanical systems where in many cases it is difficult or impossible to
obtain data on test conditions exactly matching those in the real system,

Most system reliability data, therefore, must be obtained by actual system



testing in the use environment in order for it to be reliable itself.
Presented below is a discussion of the reliability of various valving
arrangements. The approach presented may be used to obtain the reliability
of shutoff valve arrangements for which individual valve reliabilities are

available. It considers both open and closed failure modes.

The overall reliability of a multi-unit system is normally calculated by
applying the well-known additive and multiplicative probability relations
to the units with no consideration given to specific modes of failure. The
reliability estimated in this manner for a system comprised of a number of
interconnected "on-off'" devices, such as valves and switches, can be in
considerable error since the probability of an "open' failure is not nor-

mally the same as for a ''closed'" failure.

The effects of a different fail "open" as opposed to a fail "closed"
probability are relatively simple to account for and this has been done in
the discussion below. This gives a more accurate assessment of actual
system behavior. The actual system reliability calculated in this manner
may be higher or lower than that obtained by assuming equal failure proba-

bilities for closing and opening.

Flow diagrams and the derivations of overall system reliability equations
for a number of valve configurations and equations describing series,

parallel, series-parallel and quad systems are presented below.

Unit Failure Modes

The probability of success or failure are related by:

Ro=1-Q (0
where

R = probability of success

Q = probability of failure

2-9



For convenience, the total failure probability Q is divided into two parts

so that Equation (1) may be rewritten as:

R = 1- qa = qb (2)
where

qQ, = probability of failure for a valve to open on command
and qQ, = probability of failure for a valve to close on command

NOTE: All relationships derived may be applied directly to electric switch
systems if the equivalent q, and %, definitions are selected.

A General Case

In general, a valve system may be considered as comprised of parallel
connections of a number of identical multi-unit series strings as shown
in Figure 2-1 below.

N Values

o )

|
(

) M Lines
In

Out

— —————

L

Figure 2-1.

For opening commands, the system is considered to have failed if one or
more of the m lines do not allow a flow through. The probabilities are:
a - qa)n = probability all valves in one line open

1 -(1 - qa)n = probability at least one valve in one line
fails to open

[1- (@ - qa)n]m probability at least one valve in each of

m lines fails to open
P (3)
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For closing commands, the system is considered to have failed if any one

or more of the m lines allows flow to continue. This is represented by:

qQ = probability all valves in one line. fail
to close
1 - q; = probability at least one valve in one line
closes

(1 - qb) = probability at least one valve in all m
lines closes

1-( - qb) = probability all valves in at least one
line fail to close
(4)

The overall System Failure Probability Qs is given by the sum of Equations
(3) and (4):

m m
Q = [1-QQ-qQ" + 1-0-aq) (s)

s
and the System Reliability Rs is:

n m
Ry = 1-Q =1-{[1-@0-q)" +1-Q-gq))} (6)

Series Systems

For a dual unit series system such as shown in Figure 2-2, n= 2 and m = 1.

n=2 m=1]

Figure 2-2.

Substituting these values in Equation (6) gives:

2 2
R, 1-2q,+q, - q (7

or R a - qa)2 - qﬁ (8)
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Similarly, for a 3-unit series system, substitution of n= 3 andm =1
reduces Equation (6) to:

2 3 3

Rg = 1-3q,+3q, -q,-q )
_ 3 3
or Rs = (1- qa) - g (10)
ﬂ
-1 1 2 3

Figure 2-3,

The reliability for a series arrangement of any number of units can now
be written as:

n n
R, = (1-q)" - q (11)
where:- n = number of individual units in a single series string (m = 1).

Parallel Systems

For a 2-unit system of Figure 2-4, n = 1 and m = 2. Upon inserting these
values, Equation (6) becomes: -

2 2
Rg = 1-q,-2q +q (12)
2 2
or Rs = (1 - qb) - q, (13)
1
2

n=1,m=2

Figure 2-4.
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In like manner, n = 1 and m = 3 for the 3-unit parallel system of Figure 2-5.

Substitution of these values in Equation (6) results in:

3 2 3
Rs = 1 - q, - qu + qu - q (14)
3 3
or R, = (1-4q)" - q (15)
1
2 : +.
3

n=1,m=3

Figure 2-5.

A general equation may be written for any number of single units arranged

in parallel:

R, = (1-q)"-d} (16)

where: m = number of single units (n = 1) in a parallel configuration.

Note that Equations (11) and (16) are of identical form with the failure
probabilities q, and %, and the constants n and m interchanged.

Series-Parallel System

The reliability of the 3-unit series-parallel system in Figure 2-6 cannot
be determined by means of Equation (6). Nor is it permissible to consider
the system as one unit in series with two parallel units with the relia-
bility of the latter determined by Equation (6) because the conditions of
system success or failure assumed in deriving Equation (6) are not valid
here. The reliability equation for the system in Figure 2-6, however, may
-be determined by inspection. To accomplish this, the probabilities of all

the number of various ways the systém can fail are first summed. Thus:

2-13



. L _ .3 2 2
System Failure Probability Q = q *+ 3qa (1 - qa) +q, 1 - qa]
3 2
+q, *2q (1-q) (17)
which may be expanded and reduced to:
_ 2 3 2 3
Qs.qaq-qa-qai-qu-qb (18)
and the system reliability then is:
3 2 3 2
Ry=1-0Q =1+q;-0a;-q,*@ -2 (19)
or rearranged:
_ 2 2
Ry = (1-9q)" (1 +4q) -qy (2-aq) (20)
- 2

Figure 2-6.

The 4-element system shown in Figure 2-7 may be treated in an identical
manner. Thus:

_ 4 3 2 2 3
Qg =q, *+4q, (1 -q,) +6q, (1-q,)" +2q, (1-4qp)

4 3
+q, +2q (1-gq) (21)
4 3 3 4
Q =9, - 2q, + 24, + 29 - @ (22)
4 3 3. 4
Rg=1-Q, =1-4q,+2q, -2q, - 2q, +q (23)
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3 3
or rearranged: R, = (1 - q,)” (1 + qa) -aq (2-4q) (24)

-}
—_— 1 2 b4 +—
Iy

Figure 2-7.

The reliability equation for the system in Figure 2-8 also may be written
~ by inspection:

4 3 2 2 3
Qg =dg * 49, (1-9,) +3q, (1-q)% +q, (1-4q,))

4 3 2 2
+ qQ, * 3qb Q- qb) + 3qb 1 - qb) (25)
3 4 2 3 4
Qs = qa + qa - qa + 3qb - 3qb + qb - (26)
3 4 2 3 4
Rg=1-Q =1-4q,-9q,+q,-3q + 3ay - q (27)

or by rearranging:

Rg=(1-a) (1-a) -q [1-(-q)’ (28)
2
—] 1 ot~ 3
4
Figure 2-8.
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Quad Systems

Quad configuration systems are of two types — the '"open' quad shown in
Figure 2-9 and the "Bridged" quad of Figure 2-10. While the 'open'" quad
reliability may be ascertained by means of Equation (6) that for the
"Bridged" quad cannot. For convenience, therefore, both systems will be

analyzed by the previously described inspection method.

By inspection, the system failure probability for Figure 2-9 is:

4 3 2 2 4 3
Q =4q, * 4, (1-4q,) +4q, (1 -q)" +qy *dq; (1-q)
2 2
+2q (1-gq) (29)
, 4 3 2 4 2
This reduces to: Qs =q, - 4qa + 4qa - q, ¢t qu (30)
and the system reliability is:
_ _ 4 3 2 4 2
Rg=1-Q =1-gq,+4q, - 4q, + qy - 2y (31)
. 2,2 2 2
which can be reduced to: R = (1-q)° -4q, (2-q) (32)
s b a a
F
1 2 |
3 4

Figure 2-9. "Open'" Quad
For the "Bridged" quad of Figure 2-10, the system failure probability is:

_ 4 3 2 2 4 3
Q =a, *4q (1 -a,)+2, (- q)" +qy *+4q, (1 -q)

v aqd (1 - q)’ (33)
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which reduces to:

.2 4 2 3. 4
QS = zqa = q.a + 4qb - 4qb + qb (34)

and this corresponds to a system reliability of:
4 2 4 3 2
Rs =1- Qs =l 9 - 2qa o i 4qb (35)

which can be rearranged:

Ry = (- an? - ap (@ - ay)’ (36)
1 - 2
—
3 4

Figure 2-10. "Bridged" Quad

Inspection of Equations (32) and (36) reveals they are of identical form
with the failure probabilities q and 9% interchanged. This indicates the

"open'" and ''bridged" quads are dual configurations.

It is difficult to get a '"feel" for the manner in which valve fail-to-open
or fail-to-close probabilities affect the reliability of an over-all system
configuration. To illustrate the complex relationships, reliability varia-
tions for the valve arrangements shown in Figures 2-2, 2-6, 2-8, 2-9, and
2-10, are plotted in Figures 2-11, 2-12, 2-13, 2-14, and 2-15 respectively.
Calculations were made using hypothetical values for the individual valve
failure probabilities (qa and %, in the appropriate reliability models,
namely Equations (8), (20), (28), (32) and (36).
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System Reliability vs.

Valve Failure Probabilities

[Figure 2-2 Configuration-Equation (8)]

System Reliability vs.
Valve Failure Probabilities

[Figure 2-6 Configuration-Equation (20)]

System Reliability vs.
Valve Failure Probabilities

[Figure 2-8 Configuration-Equation (28)]
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1.0

System Reliability vs.

Valve Failure Probabilities

[Figure 2-9 Configuration-Equation (32)]

System Reliability vs.
Valve Failure Probabilities

[Figure 2-10 Configuration-Equation (36)]

In all cases it is seen that if valve failure probabilities are low, there

is relatively little effect upon system reliability. However, as failure

probabilities increase, the reliability falls, giving a pronounced "knee"

to each curve.

Although these graphs were drawn with valve fail-to-open

probabilities (qa) as abscissae, similarly shaped curves (but not the same

absolute values) would be obtained with values of the fail-to-close

probabilities (qb) as one coordinate.

It should be noted that the system choice for the two quad arrangements of

Figures 2-9 and 2-10 would depend upon whether a closed or open failure is

more critical in terms of mission effect, and which of these is more pro-

bable.

From Equations (32) and (36) it is seen that the reliability for
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each is the same if failure probabilities q, and q, are equal. This is not
normally the case. Of special interest then are the curves of Figures 2-14
and 2-15. At the knees of the curves it can be seen that the "open' quad
of Figure 2-9 has higher reliability if the fail-to-close failure proba-
bility %, is predominant; whereas the 'bridged" quad of Figure 2-10 exhibits
better reliability if the fail-to-open failure probability , is of larger

magnitude.

Unit Failure Probabilities

It should be noted the unit failure mode probabilities Q, and %G used in
the preceding paragraphs are not considered as functions of operating time,
Involvement of time would have necessitated use of joint probability dis-
tributions at the expense of a very considerable increase in complexity.

The reliability equations given, however, may be viewed as the expressions
for system reliability for exactly one open-close operating cycle. Failure

probability per cycle for on-off devices, such as switches, relays and
valves may be calculated from test and field data.

For any system operating time profile, if the number of required operation
Cycles is known or can be estimated, the system reliability for a complete

mission is simply: . N
RS (mission) [Rs (one cycle)] (37)

where: N = required number of complete on-off operating cycles in the

mission.

Limitations in Redundancy Analysis

The preceding reliability analysis represents the standard approach to
defining redundant systems based on probability of success or failure.
However, several factors have been ignored which can affect the designer's
approach to redundant systems. These factors, for example, include system
effects such as pressure drop variations, depending on which valves in the
arrangement are operating, and effects of qualification testing such as
leakage measurement of the upstream valve seat in a series arrangement,
These factors are problems which may be solved by adding additional com-
plexity to the valve, imparing its reliability. A quad redundant shut-off
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valve arrangement for example, requires consideration of a complex actuator
which may reduce the overall reliability of the system. The counteracting
effects of added valve elements are the added weight and complexity which

are not represented in redundant analysis.

The changes in major parameters affected by introducing redundant valving

arrangements into the system are presented in Table 2-2 below.

TABLE 2-2.

INCREASED DECREASED

Effects of
Redundancy on:

Size

Weight

Pressure Drop

Service Required

Test Time

Power Consumption

Cost

Complexity

LN NKRIKI=

Performance ‘/
v

Space Maintenance

The effects of redundancy on the parameters shown in the above table
indicate that reliability should be obtained through basic simplicity of
design and function rather than through use of redundant systems, as a

matter of course.

If an unmanned mission is involved, the cost effectiveness of the overall
program might be better served through the use of redundancy of the overall
spacecraft in some cases. The costs involved in added valve weight must
be evaluated on the basis of cost of payload and in many cases abbreviated

mission capabilities.
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In addition to the factors noted above, the relative effectiveness of

different redundant systems must be compared. Since reliability criteria
is black or white, '"failed" or '"not failed", the effects of partial fail-
ures may not be handled by standard reliability techniques. In redundant
systems, or in systems consisting of a number of interconnected elements,
there may be significant differences in system performance due to partial
system failure, such as the effects of system performance due to a change
in pressure drop. The effects may be taken into account by relating to a
failure mode or indicate the need for a reliability figure of merit. If
a value is assigned to each failed state, then a reliability figure of

merit might be used as proposed in Reference 1. That is:

V(t) = Q2 P(Si, t) V (Si, t) P (1)
all
states

or the expected value (V) at any time (or after any number or cycles) t is
the value (V) of the ith state (S) at time t, multiplied by the probability -
(P) of being in the ith state at time t, and summed over all noneligible
states. Equation (1) holds for a time period t + At where At is small.
The accrued value is normally of more interest, say over a mission time of

0 to t (or over same number of cycles from O to N). The averaged value
over the interval may then be stated as

- 1 .t
Vi = 3 Vv(t) de (2)
Equation (2) is a figure of merit expression for accrued value obtained

by integrating equation (1) over a time period from O to t (or O-N in the
cyclic case).

Equations (1) and (2) may then be used in conjunction with basic relia-

bility data to choose the more reliable system. However, the relative

values of the failed states must still be assigned. All critical system
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performance parameters must be considered, and an itemization of the effects
on system performance are required. The assessment will in some cases be

somewhat arbitrary.

The examination of the reliability/redundancy area indicates a definite
need for new systemized techniques for evaluating the optimum system in
terms of over-all system objectives. In order to attain this, a metho-
dology placing values on items such as size, weight, power, etc., must be
developed. At present this seems to fit best in the area of the systems
engineer and analyst where studies including all pertinent factors may be
included and traded off against one another to optimize over-all system
performance. The studies would give results for use in component specifi-

cations or requirements to guide the component designer.
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DIAPHRAGM VALVE

Conceptual studies are an important part of the objectives of this program.
Bipropellant valves capable of flow control and shutoff, high response,
having no sliding surfaces, and requiring cavitation for the throttling
function are established requirements. A semitoroidal diaphragm cavitating
valve designed to meet these requirements was reported in the Advanced
Valve Technology Interim Report 06641-6004-R000, November 1966.

Conceptual development of throttling and pulsing propellant valves has
continued. The preliminary design of a throttling valve incorporating a
diaphragm closure is presented in Figure 2-16 below. The valve has no
sliding parts. One metal diaphragm is used as the control element and to
effect a seal in the shutoff condition. This feature is utilized to de-

sign a very compact single or dual propellant valve.

FUEL OuT
FUEL IN
OXIDIZER FUEL
CONTROL CONTROL
PRESSURE - PRESSURE
OXIDIZER IN
CONTROL
. DIAPHRAGM
OXIDIZER OUT

Figure 2-16. Diaphragm Valve
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The valve can be used for throttling and flow shutoff in conjunction with
fluidic or conventional piloting methods. Diaphragm mass is extremely low,
allowing high response in pulsing applications. The control diaphragms

can be welded to the seal plates resulting in a hermetically sealed valve
design. Only the metal diaphragm and seal plate are exposed to the flow,
minimizing materials compatibility problems. With proper material choice
the valve may be used from cryogenic to elevated temperature services.
Leakage should be comparable to lapped metal-to-metal seal valves. Improved
leakage characteristics may be obtained through polymeric coatings on the

diaphragm and/or the seal plate.

The valve operation is described for the oxidizer side; the fuel side
operation is identical. The oxidizer flows in through the inlet port and,
with control pressure off, deflects the diaphragm upward allowing free

flow through the outlet port. When reduced flow is required, pressure is
applied to the control port, deflecting the diaphragm toward the seal plate
reducing flow. The seal plate may be shaped to allow cavitation. When
complete shutoff is required the pressure at the control port is raised so
that the diaphragm is firmly pressed against the seal plate, thus sealing
the outlet port.

Analysis has shown that a valve with a 2-inch diameter diaphragm could
operate with a full stroke of .012 inch without overstressing the diaphragm
based on a fatigue life of over a million cycles. If the seat diameter

is 0.125 inch the flow area is 4.72 x 10'31n2 or equivalent to a .078 dia-
meter hole. The seat diameter may be increased further without hindering
valve action. It is felt that equivalent orifice in excess of 0.093 dia-

meter using a 2-inch diaphragm is entirely possible.

The valving arrangement described has advantages in single as well as
bipropellant applications. Its shape makes it attractive for use as a
"built in" propellant valve, where it could form part of the propellant
tank or engine structure. This would reduce weight and minimize injector
Iribble volume. A model to demonstrate feasibility of this concept should

be considered.
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ELECTROFLUID CONTROLS

The use of direct electrofluid interaction was investigated to determine
its potential in applications to a valve with no moving parts. Various
mechanisms of electrofluid interaction have been examined and some testing

performed.

Interactions between liquids and electrical fields usually are considered
to be electrostatic phenomena. This terminology, with respect to liquids,
loosely connects phenomena concerned with the deformation or physical
change of the fluid by an electric field. The deformation primarily
occurs because one or more of the following phenomena takes place: direct
ionization or conduction charging of the fluid or one of its components,
interaction due to the differential dielectric constants of the fluid
constituents, or interaction due to the induced polarization of one or
more of the molecular species of the material. In addition, there are
also conditions wherein an electric field is produced by the movement of
the fluid. Presence of 1on121ng radiation and impurities in the liquids
complicates the understanding of the phenomena occurring, and it 'is some-
times difficult to determine the exact interaction process.

It must be emphasized that the categorization of the various phenomena as
presented here has been somewhat arbitrary. Since the usage of the terms
in the past has been applied to a number of quite different liquids, and
in view of the disagreements among investigators, it was felt that the

following characterization would prove useful.

The general types of fluids have been utilized in studying these inter-
actions: "pure" liquids (in that the impurity content is minimized as

much as possible), regular solutions where the solute is evenly distributed
in the solvent, and liquid systems containing dispersed particles, such as
colloids, charged particles, or '"cybotatic regions' (Reference 1). A more

detailed discussion concerning these systems follows.
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Pure Liquids

There are three main effects that are observed when a pure liquid interacts
with an electrical field:
e Electroendosmosis, which is the movement of the liquid through

a membrane or capillary when a charged surface is fixed
(Reference 2)

e Streaming potentials, produced by a movement of a liquid
relative to a solid surface (Reference 2)

® Electrostriction, which is the compression of a dielectric
liquid due to the anisotropy of the interacting electric
field (Reference 3)

Some investigators also include electrophoretic and dielectrophoretic
effects in the behavior of pure liquids with electric fields. However,
these two effects depend on the injection or presence of charged particles
such as electrons in the liquid, or else the presence of a differential
dielectric, such as liquid and vapor forms of the same molecule, and as

such more properly belong in the third liquid category.

Of the three effects, electrostriction gives the strongest interaction
between the liquid and an electric field. Schatt and Kaghan (Reference 3)
tested various pure liquids (some were molten polymers) to determine the

influence of viscosity and dielectric constant on electrostriction.

It was found that by introducing a liquid between two steel disc electrodes
of different size, a column of the liquid would rise above the bulk liquid
level when a high dc voltage was applied. The conclusions were as follows:
(a) viscosity was unimportant, with the maximum rise being highest (2.3 cm)
for the liquids having the highest dielectric constants and polarizabilities
and lowest (1.0 cm) for those having the smallest values, (b) the clectro-
striction was producing the effect rather than electrophoresis or dielectro-

phoresis since uncharged or charged particles were immobilized in the viscous
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polymers, and reversing the dc field gave the same result, (c) by raising
the voltage above a critical point, the liquids could be made to pulsate,
form a disruptive spray, or in the case of the polymers, to be repulsed by
the electrode, (d) high frequency ac fields produced no effect. Thus,

the ability of the molecules to be polarized is of major importance. The
necessity of having a non-uniform field was demonstrated by the failure of
the normal approximations to the classical equations to predict such large
rises, since these approximations assume infinite electrodes with no fringe
effects. This point is brought out by Felici (Reference 4) on the use of
formulae in electrostatic generators. Laplace's equation is replaced by a
quadratic of the third or fourth order (depending on diffusion effects)
which necessitates the use of modern analysis and computers in order to be
solved. Since there has been little incentive to solve these types of
equations, in terms of a practical application, little work has been done
in this field. It should be pointed out that this deficiency is evident

in the analysis of almost all of the areas of liquid-electric field effects,
and is further.comp1§cated in that many of the more interesting fluids

possess non-Newtonian flow characteristics with attendant non-linear behavior.

Regular Solutions

The effects produced on regular solutions are complicated to an extent by
the limitations imposed due to their electrical conductivity. If one of

the electrodes can be electrically separated by a dielectric such as a .
glass partition, then the solutions should behave as pure liquids. In

addition, two other effects may take place:

¢ Electrocapillarity, in which the surface tension of a metal
in contact with a conducting solution is changed by polari-
zation of the metal (Reference 2)

o Electrophoresis, where migration of the solute occurs due
to the presence of an electric field (Reference 3)

The surface tension of a metal can be appreciably varied by use of suitable

electrolytic solutions. For example, the surface tension of a mercury
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electrode has been shown to increase as much as 20 percent in some

electrolytes (Reference 2).

As mentioned previously, electrophoretic phenomena is more properly associ-
ated with the third class of liquids; however, by the use of a suitable
support media such as chromatographic paper, migration of the solute can

be made to occur.

Liquids Containing Dispersed Particles

This class of liquids has probably been the subject of the majority of the
investigations of liquid-electric field phenomena. Most of the practical
applications of electrostatic engineering have arisen from the use of these
types of fluids, and the bulk of future applications will probably arise
from these types of materials, and the pure liquids.

With the exception of electrocapillarity effects, all of the above pheno-
mena also occur with these fluids, and the following additional effects
are applicable:

-

e (Cataphoresis in which an applied electric field causes movement
of charged particles (Reference 2)

e Potential differences arising from the movement of charged
particles in liquid (Reference 2)

e Dielectrophoresis, in which an anisotropic electric field causes
a material in the liquid, possessing a higher dielectric constant
than the liquid, to move to the region of greatest flux
(Reference 5)

e Electroviscosity, in which a fluid becomes rigid upon application
of an electric field (References 1 and 2)

Cataphoresis, dielectrophoresis, and electroviscosity effects give the

strongest interaction between liquids and electric fields.
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Cataphoresis effects have been applied to a number of engineering appli-
cations, such as electrostatic coating, and have been proposed for use as

dielectric pumps (Reference 6).

Dielectrophoresis has also been utilized in a number of applications of
which separation and heat transfer enhancement are probably the most
important examples (Reference 7).

Electroviscosity, although theoretically proposed in 1916 (Reference 2),
and demonstrated in 1939 (Reference 1), has only recently had practical
'application (References 8 and 9). The effect is now used to make clutches
which are electrical analogs of the magnetic fluid clutch. In this case,
application of an electric field across two metal discs separated by a
fluid ''freezes'" the fluid and allows mechanical power to be transferred
from one disc to the other.

There is one other phenomena which appears to be associated with the effects
discussed above, but not enough information is available for assessment.
This is the effect produced on suspended particles, both living and non-
living, when they are subjected to a radiofrequency field (Reference 10).
In this case, small particles such as polystyrene, carbon black, and one-
celled organisms, suspended in a liquid medium, aligned themselves along
the electrical lines of force when a uniform, pulsed RF field was turned
on, yet gave random arrangements when the field was off. The field was
pulsed in order to avoid thermal effects. Moreover, the alignment appears
to be frequency dependent. Electrophoretic migration of polystyrene latex
was also found to be frequency dependent, with a reduction in mobility

occurring at specific frequencies, depending on a number of parameters.

Applications

Examination of the various types of interactions of electric fields with
liquids, as presented above, shows that there are a number of potentially

useful effects for use in fluid control devices. Since the fluids of
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interest range from pure liquids to those containing particulate matter,
however, one single type of interaction probably would not suffice for all
of them. In particular, electroendosmosis, electrostriction, electro-
capillarity and electroviscosity effects would appear to have the greatest
potential for fluid control. Investigation of the physical limitations
(e.g., voltage, electrode configurations and spacings, etc.) of proposed
control devices would be necessary since most of the effects have been
examined from the standpoint of the phenomenon itself and not from the
viewpoint of practical application. An outline of such an investigation

is given in the following:

1) Determination of the Electrical Properties of the Fluids of Interest

This portion of the investigation is concerned with characterizing the
liquids now being utilized in spacecraft engines. In most cases, the
electrical conductivity, voltage breakdown conditions, and behavior in
intense electrical fields are not known for the liquids. These character-
istics, then, should be obtained so that the proper interaction can be
utilized.

2) Parametric Investigation of the Physical Limitations of Prototype
Control Devices

Most of the interactions have not been investigated under varying condi-
tions. Evaluation of the parameters which produce the interaction should
be performed. As an example, if electroendosmosis is to be considered,
the capillary size, voltage and fluid conductivity limits, and system
pressurization requirements would have to be determined. These tests

would be run with fluids simulating actual liquids of interest.

3) Simulated Usage Tests Under Operational Conditions

This portion of the investigation would be concerned with the design and
fabrication of a fluid control device which would simulate control devices
now in operational use. Information derived from the first two parts of

the program will enable a choice to be made of the type of fluid to be
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controlled, and in what manner. By using the design specifications of
devices now in use, a control unit based on electrical field interaction
would be fabricated and tested under simulated operational conditions. In
this manner a comparison of operational characteristics and an evaluation

of the potential usefulness of such a device could be made.

Electric Field Interaction Tests

A test apparatus was constructed to investigate experimentally the effect

of electrical fields on simulated propellants. This apparatus is schemat-
ically illustrated in Figures 2-17 and 2-18. Although simulated propellants
were the guidelines utilized in the construction of the apparatus, it was
felt that an initial experiment with a real propellant would give meaning-
ful preliminary information on the technical approach to utilize in this
investigation. Accordingly, N204 (MSC-PPD-2) was selected as the propellant
to test initially.

N204, flowing under gravity feed, was passed through the test section at
‘varying voltage settings. Interaction of the N204 with the relatively
intense, asymmetric ac electric field was noted. Agitation and dis-
ruption of the normal flow pattern was noted at all voltages from approxi-
mately five KV upward. Flow was either stopped, or considerably reduced,
at 12 KV for two runs made at this voltage setting, and normal flow was
resumed when the voltage was turned off. The uncertainty of the extent of
flow reduction is due to the low pressures involved in the runs, which
allowed some N204 to back up from the receiver, and to leakage of N204
past the outer electrode. The results are sufficiently encouraging,
however, that the fabriéation of an apparatus capable of handling N204

under more typical operating conditions is being considered.

2-33



X

X

TEST SECTION

X X

Figure 2-17. Schematic: Apparatus Utilized in Examination
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Figure 2-18. Schematic: Illustration of Test Section

2-34



REFERENCES

10.

Anonymous, Electro-Technologx, September 1966.

P. Auer and A. Sharbaugh, General Electric Review, Page 37,
July 1958.

J. Butler, Electrocapillarity, Chemical Publishing Company, Inc.,
New York, N. Y., 1940,

N. Felici, Contemporary Physics, Volume 5, 377 (Part I) and
419 (Part II), 1954.

J. Freeborn, IEEE Student Journal, Page 3, July 1964.

J. Frenkel, Kinetic Theory of Liquids, Dover Publications,
New York, N. Y., 1955.

H. Pohl, Journal of Applied Physics, 29, 1182, 1958.

H. Schatt, and W. Kaghan, Journal of Applied Physics, 36, 3399, 1965.

W. Tucker, Machine Design, Page E-2, January 5, 1967.

R. Williams, International Science and Technology, Page 38,
January 1967.

2-35



ELECTROSEAL CONCEPT

In order to obtain a zero leakage valve, the poppet and seat must be in
intimate contact so that all the surface asperities forming passages be-
tween them are filled. A method of eliminating these leak paths is to

coat the interface of the seal and poppet with some material impervious to
the fluid to be sealed. A schematic representation of a valve utilizing
this technique is shown in Figure 2-19. To effect a zero leakage seal the
valve is closed and a coating of some material, such as copper, gold, etc.,
is electroplated across the interface between the seat and poppet. To open
the valve the material may be plated back onto the source electrode or the

joint may be broken open by the valve actuation.

The electroseal concept can be utilized in the design of a no moving parts
valve, (see Figure 2-20). In this valve, a porous plug, screen, or any
system of fine passages is placed in the flow stream. When valve closure
is required, material is electroplated 6ver the plug, shutting off the
flow. .Valve opening is obtained by plating the material back onto the

source electrode. - This technique may also be used to throttle flow.

An electrolyte is required in the plating process. Preliminary investi-
gations indicate that some currently used propellants contain enough water
to act as effective electrolytes. Experimental verification of the use of
propellants as electrolytes in the plating process is required. In certain
systems where the propellant is not a suitable electrolyte, an additional

electrolyte might be required.

The introduction of an electrical potential into the fluid lines could
possibly cause long term corrosion problems. These must also be investi-

gated and control measures instituted if required.

The use of chemical deposition might also be possible as an alternate
sealing technique. This would be particularly applicable to one shot

systems.
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Figure 2-19. Schematic: Electroseal Moving Parts Type Valve Concept
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Figure 2-20. Schematic: Electroseal Non-Moving Parts Type Valve Concept
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Test Program

A no moving parts electroseal valve as described above was fabricated and
tested. It consisted of a copper cathode and stainless steel anode. The
anode was a porous stainless steel plus, the cathode had several drilled
holes to allow flow of the solution. A cross-sectional view of the no
moving parts electroseal valve built and tested is shown in Figure 2-21,
The cathode and anode were insulated from one another by a Lucite plate.
Luciﬁé plates were also used for the end pieces in order to eliminate
short circuits through the bolts holding the unit together. A photograph,

Figure 2-22, shows an external view of the actual electroseal unit.
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Figure 2-21. Cross Section - Electrolytic No Moving Parts Valve
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Figure 2-22.

Feasibility Model - Electrolytic
No Moving Parts Flow Control and Shutoff Valve

Electrolytic Electroseal
No Moving Parts Type Moving Parts Type
e Reliable e Quick Response
e Flow Control e Zero Leakage
e Complete Shutoff e All Metal Seal
e All Metal Seal
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In order to test the feasibility of the concept it was decided to attempt
operating the unit in a copper sulphate solution with approximately S
percent sulphuric acid added. In actual practice propellants such as
hydrazine could probably provide an effective electrolyte for the plating
operation. The test setup consisted of a pump, flow meter, throttling
valve, and electroseal valve and a fluid catch tank for the solution. It

is shown schematically in Figure 2-23.

ELECTRIC
PUMP FLOW | | POWER SUPPLY
METER AND METERS
—
FLOW

TEST SPECIMEN

ELECTROLYTE SUMP

Figure 2-23. Schematic: Electroseal Test Setup

It was originall§ planned to observe the flow decay utilizing the flow
meter. However, the flow meter malfunctioned shortly after the beginning

of the test and all flow observations were made visually at the exit tube
from the electroseal valve for a period of approximately 2 hours utilizing
the copper plate as the cathode and the stainless steel screen as the anode
as stated above. The initial flow through the electroseal valve was greater
than 1000 cc's per minute and at the end of the 2-hour test had been reduced
to approximately 1-1/2 cc's per minute. The valve at this point was left to
sit overnight in the solution. In the morning some added power was applied;
however, the growth of copper crystals was observed within the unit. The
unit was therefore disassembled and examined. Photographs of the disassem-
bled unit are presented in Figure 2-24. Some copper crystals were deposited
on the stainless steel anode to a height that could contact the copper
cathode. This was probably a result of the use of an essentially saturated
solution of copper sulphate and the acid balance which renders an extremely

effective plating solution.
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Figure 2-24: Electroseal Valve Disassembled After Closure

After examination, the loose crystals were removed, the unit reassembled
and flow started once again. The flow was unchanged from before unit dis-
assembly which indicated that actually an excess of power had been used.
The polarity on the plates was reversed, making the stainless steel, porous
member the anode and the copper plate the cathode. The unit was operated
in this mode for a period of approximately 3 hours with a steadily increas-
ing flow as the copper was plated back on to the copper plate from the

stainless steel anode.

While this test did not shut off the flow completely and has indicated
several potential development problems, it is felt that it has demonstrated
the feasibility of the electroseal concept and certainly further develop-
ment work is warranted. The quantity of copper which must be deposited to
reinforce the sealing of a moving parts electroseal valve with a conven-
tional poppet is considerably less than that required for a no moving parts
design. Such a unit might be extremely useful where tight shutoff for long
periods of time is required. Capability of bridging the gap between the
poppet and seat by plating remains to be demonstrated.
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SURFACE TENSION CONCEPTUAL STUDIES

The objectives of this program are to gain a better understanding of
surface tension and the part it plays in fluid component function and
leakage. The application of known surface tension effects to valve design
results in several new concepts which are applicable to spacecraft valving.
Results of a literature search analysis and test program on the effects of

surface tension on seal technology are presented.

LITERATURE SEARCH

A literature search was conducted to obtain data on contact angle of
various liquids on materials such as fluorinated polymers, parafin, poly-
ethylene, and others. These polymers were considered to be typical of the
materials that might be employed in surface tension seals. Data relating
the cosine of the contact angle, 9, and © to the liquid surface tension

is given in Figure 2-25 for several materials.

The indications are that surfaces exhibiting close packed CF, surface

* structures, such as might be expected with a perfluorolauricsacid mono-
layer, have the lowest critical surface tensions. The critical surface
tension is defined as the value of surface tension of a liquid, placed on
the subject surface, below which the liquid will wet and spread over the
surface. The lowest surface energy polymers presently available appear to
be the Teflons with a CF2 surface structure. Materials such as polyethy-
lene and nylon have critical surface tensions approximately 1.7 to 2.5
times greater than Teflon surfaces. Table 2-3 presents critical surface

tension data for several selected materials.

The fluorinated polymers have the lowest surface energies of commonly
available materials and therefore when used for both sides of a valve seat
should maximize the surface tension sealing effects of the liquid being

used.
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Figure 2-25: Contact Angle vs. Surface Tension for Several Polymers
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TABLE 2-3. The Critical Surface Tension of Low Energy Solid Surfaces

Critical Surface

Surface Chemical Structure Tension 71
of Surface (dyne/cm

Perfluorolauric acid, monolayer CF3, close packed 5.6
Perfluorobutyric acid, monolayer CF3, less closely packed 9.2
Perfluorockerosene, thin liquid film CFz, some CF3 17.0
Polytetrafluoroethylene, solid CF, 18.2
Octedecylamine, monolayer CH3, close packed 22.
a-amyl myristic acid, monolayer CH3 end CH, 26.
2-ethyl hexyl amine, monolayer CH3 and CH2 . 29.
n-hexadecane, crystal CHZ’ some CH3 29.
Polyethylene, solid CH, 31.
Naphthalene, crystal O , edge only 25.
Benzolc acid, monolayer O , edges and faces 53.
2-naphthoic acid, monolayer O , edges and faces 58.
Polystyrene, solid CH,, some O 32.8-43.3
Polyethylene terephthalate, solid O ’ CH2, ester 43.0
Nylon, solid CHz, amide L2.5-46.0

2-44



ANALYSIS

The contact angle may be determined from a drop placed on a surface by

measurement of the angle of the liquid drop at contact with the solid,

A W
(A) (8)

When the contact angle, 6, is less than 90 degrees, as in A above, the

as shown.

fluid will rise in a capillary tube of the material in question. If the

contact angle, O, is greater than 90 degrees, the fluid will be depressed

in the capillary.

The pressure that may be supported across a curved liquid gas interface
may be derived from a consideration of the work required to form the sur-
face. The surface formed is assumed to be spherical, as shown in the
sketch below, such as might occur at the entrance or exit to a fine
capillary tube or surface scratch.
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Then the surface area of a hemisphere is:
A = 2rR? (1)

and if the radius of the sphere is increased to R + dR, the surface area

is increased by:

dA = 4xRdR (2)

This results in an expenditure of work. From the definition of surface
tension the work to form a new surface

dW = vdA . (3)

where ¥ is the coefficient of surface tension.
Therefore ' dW = 4xyRdR (4)

The work required to form the new surface is also represented in terms of
the pressure on the concave and convex surfaces. Since the bubble size is
small, we neglect hydrostatic head. The forces on an element of the

spherical surface of area ds are:
(P - Po) ds

and as the bubble increases in size by dR, the work done is the product of
force times distance or:

(P - Po) ds dR

Considering the total surface of the hemisphere, the work done by the

pressure is:

@ = (P - P) 2xR2dR (s)

and combining (4) and (5)

(P -P) 2xR%dR = 4xyRdR
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therefore

=%

(P-P) = (6)

where Po is the pressure on the convex side and P on the concave side of a
spherical surface.

Through a similar derivation it can be shown that for a long thin gap such
as defined by two parallel plates, the pressure difference is
Y

P-p)= @)

or half that for a spherical surface. In general, the pressure difference
may be defined for an arbitrary surface by

1 1
P - PO) = 7(— + Ez) (8)

where R1 and R2 are taken in mutually perpendicular directions.

Normally, the radius of curvature of a fluid being forced into or coming

out of a restriction is not the radius of the capillary or gap, due to
forces of adhesion and cohesion between the liquid and the solid surface.
There is a contact angle, as noted above, which describes these interactions
and affects the pressure which may be supported across a physical gap. The
effect of contact angle may be determined from examination of the rise, or

drop of a fluid in a capillary as shown below.
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The surface can be considered spherical with radius R. The radius of the

capillary is taken as r and 8 is the contact angle. Then:

r
cos O (9

and substituting in (6), (7) and (8) for:

a round capillary;

_ 27Ycos 0
(P-Pp) = =L22 (10)

for a long narrow gap;

Ycos @
(P-P) = T (11)

and for any gap;

1 1
(P-Po) = Ycos @ (;— +-1-_-)
1 2
A summary of pressure holding capabilities for round capillaries, as a
function of size .and contact angle, is shown in Figure 2-26. The pressure
holding capability is reduced by a factor of two for long narrow gaps.

The surface tensions of some typical propellants are shown in Table 2-4.

TEST FIXTURE FABRICATION

A test fixture was fabricated for use in testing of pressure sealing
capabilities of various fluid-material combinations. The fixture is shown
in cross-section in Figure 2-27. It consists of upper and lower test
samples, which are held in intimate contact by the upper and lower housing.
The samples are pressure-balanced to eliminate the effects of undesired
pressure load. A port is, however, provided in the upper housing to allow
gauging or loading of the specimens if desired. Pressure is applied through
a port in the side of the lower housing and leakage is monitored through the
port in its bottom. The lower test sample is machined to provide a controll-

ed '"leakage" gap and is pierced to allow leakage to flow to the exhaust port.
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Flow-through Pressure vs, Surface Tension to Radius Ratio
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TABLE 2-4. Surface Tensions of Several Propellants
I o Surface Tension
No. Propellant Temperature F lb/In
I 1 [NH, Ammonia -68.8 2.23 x 1074
2 | C1F, Ghlorine Trifluoride 53. 1.417 x 107°
3 |H,0, Hydrogen Peroxide 64.8 5.446 x 1074
4 | CH,NHNH, Monomethyl Hydrazine (M) 68. 1.96 x 10°%
5 |White Fuming Nitric Acid 68. 2.34 x 1074
6 |N,0, Nitrogen Tetroxide 67.6 1.58 x 1074
MIL-P-26539
7 | BgHy Pentaborane MIL-P-27403 70.2 1.21 x 1074
8 | CLOSF Perchloryl Fluoride -68. 1.218 x 1072
o |uomi (a1, N, 68. 1.58 x 1074
10 |LF, Liquid Fluorine -313. 593 x 1074
11 | LHe Liquid Helium -453. .00639 x 1074
12 |LH, Liquid Hydrogen -424. .1285 x 1074
13 | LN, Liquid Nitrogen -307. .411 x 1074
14 |10, (LOX) Liquid Oxygen -298. .755 x 107
15 | NH, Hydrazine 68. 3.83 x 1074
L ' —————————————————————————————————————————
SOURCE: Reference 2 - Page 2-67.

2-50




9INIXT4 ISSL UOTSUI] 3deJIng -/Z-z 9aandry

1314NnO

140d.

_

|
J1dWVS 1S3l ¢m>>0._/ r.\..oz_m:Or PMO1

———— o o w——
—-—
-

- s - ——— - e - - e -y
- e e wn - an - o

- e - ——

)
——t—-

. - 1Od 13N

dv9O d3ITNO¥LNOD

————=

31dWVS 1531 ¥3ddn — ] I ONISNOH ¥3ddN

o o e e e e

1304 ONIaVO1

2-51



TESTING

Some limited testing was performed utilizing the above fixture to determine
the flow-through pressures for water and Mercury with varying gaps and
materials. The basic sample materials used were Teflon and CRES 347. The
CRES samples were also tested with coatings of Nyebar C* and Nyebar H*.

In addition, capillary, rise or drop, experiments were performed utilizing
a .023 inch inside diameter glass capillary. Fluids tested were water,
Mercury, Dow-Corning 704 oil, and a petroleum-based detergent motor oil,
Penzoil with Z-7.

The results of these experiments are shown in Table 2-5. The samples were
typically cleaned ultrasonically in Freon TF, then rinsed and wiped with

acetone.

It should be noted that, even though the low surface energy 'Nyebar" films
showed positive effects with Hg in the capillary tests, this was not the
case in the pressure tests, particularly with Nyebar '"C". During the
pressure tests the films were applied on a CRES substrate rather than glass.
It is postulated that a Hg, CRES, film reaction occurred, improving the

surfaces wetability.

It was observed that the flow-through pressure for both the wettable and
non-wettable surfaces was reduced to a very low value after initial flow

through occurred.

*A low-surface energy fluorocarbon polymer in a solvent carrier, produced
by William F. Nye, Inc., New Bedford, Massachusetts.
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APPLICATION OF CONCEPTS

Electromagnetic Capillary Valve

An electromagnetic capillary valve concept utilizing mercury or another
high surface tension conductive liquid actuated by an electrical signal has
been originated. This valve approach is applicable for use as a fluidic
system shutoff and may be adaptable to other low pressure gas systems. A

cross-sectional illustration of the valve is shown in Figure 2-28.

The valve functions as follows: A conductive, high surface tension liquid,
such as mercury, is trapped in a channel between two fine screens, slits or
porous plugs. The channel is constructed so that the Hg may be placed
blocking the main valve flow channel or withdrawn into a storage chamber.
When the Hg is in the flow channel, it prevents any flow through the slit,
or porosities in the exit side of the valve. It is held in place, since
its surface tension will not allow it to penetrate the pores, until some
critical pressure is reached. When the Hg is withdrawn, the working fluid
is free to flow through the slit, screen or porous plug with no more than
the normal pressure drop for a filter of equivalent size. The motion is
imparted to the mercury by placing it in a magnetic field, and then flowing
a current through it, perpendicular to the direction of the field. A per-
manent or electromagnet may be used to provide the field. The current

through the mercury need only be applied long enough to accomplish the
shutoff function.

Two preliminary test models of the valve described were built and some
feasibility testing has been performed. A photograph of the first valve
is shown in Figure 2-29.

Planar construction, similar to construction of some fluidic logic elements,
was used in producing the test models. The valves were fabricated from two
sheets of Lucite between which are sandwiched two pieces of stainless steel
shim stock, which were shaped to the desired flow channels. Due to the
geometry selected, these pieces of shim stock are also used as the electrodes
for applying a current through the mercury.
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In the first valve the mercury channel was produced by milling a groove
approximately .03 inch deep into one of the Lucite plates. The shim used
to separate the Lucite plates was .00l inch thick and no porous plug was
used in the gas flow channel. A large permanent magnet was used for
applying the required field; a piece of magnetic material being employed
to reduce the gas as much as possible.

Testing performed, demonstrated an ability to move the mercury from the
open to the closed position by applying a current to the electrodes.
Current pulses of approximately eight amperes were used. It is probable
that in actual practice a capacitor can be used,thus reducing the average
power used to a negligible value. Nitrogen was used as the test fluid.

Flow changes of a factor of three, from closed to open, were accomplished
at a pressure of 4.5 psi. This pressure sealing capability is adequate
for some low pressure fluidic and gas thruster applications. Since the
slit holding the mercury in place was .001 inch thick, this is close to
the maximum pressure capability of this particular unit.

The second valve utilized a mercury channel formed between .04 inch thick
pieces of stainless steel sheet spaced approximately .080 inch apart. The
mercury was kept from entering the gas passages by a pair of 12u absolute
retention porous stainless steel filter plugs which were bonded into slots
in the stainless sheet material. The spacer plates were cut to allow four
electrodes rather than two as formerly used. This allows the proper cur-
rent to be applied to the segment of mercury to be moved without short
circuits due to the mercury that has already been transferred.

Testing performed demonstrated the ability to move the mercury from the
open to the closed position by applying current to the proper pair of
electrodes. The mercury was retained in place after opening or closing by
a restriction between the two chambers.
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The mercury was contained in the closed position with pressures of 15 psi
applied to the gas inlet ports. The valve exhibited leakage characteris-
tics considerably superior to the first unit, including leak-free shutoff

at low pressures. It is felt that the initial testing done has demonstratcu
the electromagnetic capillary valve concept to be a feasible and promising

one.

Relief Valve

A relief valve may be made by trapping a high surface tension liquid between

two restrictions, such as fine screens or porous plugs as shown below.

Porous Plugs pessewoarrsl | High Surface Tension
or Screens N s e— Liquid

The liquid will form a seal preventing any fluid applied to the inlet port
from leaking through until a critical pressure is reached. This critical
pressure is a function of the pore size of the plug or screen, the surface
tension of the sealing liquid, and the contact angle between the sealing
liquid and the plug or screen material. This relationship is described in
the Analysis section. A device such as this would have application as a
replacement for burst discs and similar devices. If required, a combined
temperature-pressure relief function may be supplied by using a sealing
material that is solid below a certain pressure or exhibits particularly
large changes in surface tension with temperature. A test model was
fabricated and feasibility tests performed. Relief pressures of approxi-
mately 10 psi were obtained using porous stainless -steel plugs with
mercury as the sealing liquid and up to 30 psi using porous Teflon plugs

with mercury.
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Check Valve

A possible check valve configuration is shown below.

High Surface Tension Liquid

.. Check Direction

— I:::::: Porous Tube and Plug

Flow Direction -t

Porous Plug

If pressure is applied in the flow direction, the high surface tension
liquid is blown into the cup-shaped cavity, formed by a porous tube and
plug. There is not sufficient liquid to completely fill the porous tube,
and the working fluid flows freely through the unfilled portion. When

. pressure is applied in the check direction, the high surface tension liquid

. is blown against the porous plug and forms a seal preventing further flow.
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SEAL LEAKAGE STUDY

The objective of this study is to provide a greater understanding of
permeation-type leakage phenomena and determine a correlation between

liquid and gaseous medium permeation leakage characteristics.

The leakage study has been primarily concerned with the development of the
mathematical model to aid in the predicting of leakage through seal glands
containing polymeric seals. The analytical model used in the analysis
takes geometry into account directly and seal properties by the intro-
duction of the permeability coefficient. A non-dimensional geometry factor
to correct for the effects of seal geometry is developed. The analysis
presented here is a simplified treatment, and it is felt that a more com-
plete analytic study including the effects of items such as seal stress

vacuum conditioning and other material pre-treatments should be undertaken.

ANALYSIS

Two basic models which closely approximate leakage past O-ring seals are
the radial leakage model shown in Figure 2-30 and the axial leakage model
shown in Figure 2-31 (Reference 4).

Co

|
1N | o
N | ¢

fo
\ {

r

Figure 2-30. Radial Leakage Model
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The boundary conditions for the radial flow model are:

C (ro, z) = Co
oC (r, b) = 0
9z
aC (r, o) = 0
9z
Qg(rpz) = 0 agzgb
ar
D dC (r.,z) = W 0<zga
or '

where C is the concentration of species which are leaking, w the leakage

rate per unit length of seal material, and D the diffusivity of the seal.

! e Q fp—

]

Figure 2-31. Axial Leakage
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The boundary conditions for the axial leakage model are:
C (a&r4hb, o) = C

ac (béréRw 0) = o0
9z

aC (bSrSRo, h) = o

_@E (RO’ z) = o

3z (agr_<_b, h) = w

In the above model, it was assumed that the O-ring completely fills the

groove. In reality, this is not necessarily the case.

Therefore the case to be examined is shown in Figure 2-32.

Figure 2-32. Final Permeation Leakage Model
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Here the boundary conditions were modified on the left-hand side leaving
this edge open to the permeating gas. It can be seen that there is a great
deal of similarity between the radial and axial leakage problems. That is,
the boundary conditions are similar; namely, a constant concentration on
one surface, impermeable boundaries normal to this surface, and diffusion

through the remaining surface governed by convection from this surface.

If the dimensions b and c are very large compared with a and the diameter
Ro is also large compared with a, each of the models can be approximated
by a model which is semi-infinite in one direction. Such a model is shown

in Figure 2-33.

)

Figure 2-33. Simplified Final Permeation Leakage Model

The solution to this problem was obtained as part of a study to analyze
the permeation of high density gases and propellant vapors through single
layer Teflon or Teflon structure materials and laminations performed by
TRW Systems for NASA (Reference 1). The leakage rate for the above
geometry is given by:

2aD C
.o - 4 (0
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Where w is given in mass per unit time per unit length. For the particular
problem described, w is multiplied by 21rRo (L=ZWRO) to obtain mass per unit

time. The function G is given by:

o0 a a
. (i) _ E [IO (h + 1/2)n H] e -(h + 1/2)n " 2)
h (h + 1/2)°

where Io denotes the zero order modified Bessel function. The details of

the solution are given in Reference 1.

In the above case, both the radial and axial problems become the same,and
the geometry of the problem becomes cartesian. Only the steady-state
solution is presented due to the complexity involved in obtaining the
transient solution in the original mathematical models.

The above discussion has not included mention of the physical properties
of the seal and the leakage fluid. These properties are considered in

obtaining the constants D and Co for Equation (1).

The mass transfer of a gas from one surface of a permeable material to the

other involves

® Absorption on the barrier surface
e Solution in the material

e Diffusion

e Dissolution

°

Evaporation at the other side

It is assumed that diffusion is the rate-controlling factor and Fick's Law
is used as the starting point of the analysis. The concentration gradient
in the seal will be dependent on the solubility of the leakage gas or
liquid in the seal material and the pressure difference across the seal.

In addition, the diffusivity D will be dependent upon such factors as the
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stress on the seal, and chemical reaction between the seal and the leakage
fluid which may change seal surface characteristics, and on the temperature

of the system,

= (3)

where a = a/h, the ratio of the leakage path to the width of the seal.
These dimensions are usually known for a gland design, and therefore leak-
age rate for a given seal configuration may be calculated if one knows the
concentration of the fluid to which the seal will be exposed, and the

diffusivity of the seal material.

Since most data on seal material is given in terms of permeability rather
than diffusivities, we can transform Equation (3) by noting that Henry's

Law

C, = kp (4)
states that the concentration is equal to the product of the solubility
constant k and the absolute pressure p. In addition, the product of the
solubility constant and the diffusivity is defined as the permeability.

Therefore, Equation (3) becomes:

@ 2a

5" (5)
S Pp [127 G(a)]
b 4

Figure 2-34 shows a plot of %g- versus 20
P 2 . I

indicating the effects of seal geometry on leakage rate.
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2-65



Sample Calculation

Consider a typical O-ring configuration which can be approximated by the

situation pictured in Figure 2-35.

L4
-
-’
-

Y

0.2 ~a_

Figure 2-35.

It is seen that @ = a/h is .025. From Figure 2-35 for this value of a:

@ . o,
Pp 0.65

Assuming that the O-ring is made of natural rubber and that the

pressurant is He at one atmosphere, Reference (3) shows:

_ -8 cc(STP)
Pp = 23 x 10 wi/sec
Therefore W o= uJ(ZﬂRo)

i.e., the rate of flow in cc (STP)/sec is obtained by multiplying through
by the circumference of the flange which is sealed. For Ro = 1.5 cm the

flow rate, w = 2.1 x 107 cc/sec.
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III ALL FLUID CONTROLS

This section presents the results of work performed with the objective of
determining the applicability of fluidics to liquid propulsion systems.
Included are the results of surveys, component and system analysis, and
conceptual studies. Fluidic literature and patent bibliographies, a
subject index, and standards which were prepared from the survey material

are listed in the appendices.
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INTRODUCTION

The field of fluid power, which is an outgrowth of fluid mechanics, has to
do with the use of fluids at high pressures for the transmission of power
and with the control and utilization of the power thus transmitted. Con-
ventional control of sophisticated fluid power circuits has been based
primarily on electronics. However, the recent development of fluid con-
trol devices that use no moving parts and in which the fluid itself is the
working medium has led to completely new concepts in fluid control. From
this unique concept, a distinct technology known as fluidics* has emerged.

Fluidics offers unique capabilities which should lead to a new generation
of valves and controls for liquid propulsion systems. Practically any
fluid can be used and often a particular fluidic element will operate
equally well on both gases and liquids. The operation of these elements
is based on various fluid mechanic principles, including momentum exchange,
wall attachment (Coanda effect), and vortex generation. While fluidics
promises potential weight savings, the primary advantage is that fluids
are used for operation and components can be conveniently coupled with
other fluid control components, eliminating the need for a transducer,
This characteristic as well as a wide range of fabrication materials,
including high temperature alloys and ceramics, make fluidic systems
relatively insensitive to extreme temperature, radiation, vibration, and

shock environments.

The overall objectives of this study are to advance the state-of-the-art

of fluid controls used on spacecraft liquid propulsion power systems through
evaluating fluidic technology, defining problem areas and evolving new
concepts. The specific tasks which were undertaken to meet these objectives

include:

*As defined by the National Fluid Power Association, a fluidic system is
one in which "sensing, control, information processing, and/or actuation
functions are performed primarily through utilizing fluid dynamic phenomena."
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Comprehensive literature and patent searches and a
survey of the leading government agencies and companies

in the fluidics business.

Review of the properties and parameters of fluid
mechanics pertaining to fluidics and the definition

of accepted terminology and symbology.

A study of the operating principles, configurations,
and applications of the basic fluidic components and
consideration of performance relative to propellants,

specific functional parameters, and space environments.

Application studies and investigations of new concepts.
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SURVEYS

The initial efforts to ascertain the present state-of-the-art of fluidic
technology consisted of searches and agency interviews to determine the
extent of existing data and to evaluate the major applications and the
problem areas. These efforts included a comprehensive literature and
patent search, and interviews with cognizant personnel in industry and
government agencies. In addition, generally accepted fluidic fundamentals

and definitions were identified. A discussion of this work follows.

Literature and Patent Search

Much material covering almost all aspects of fluidics has been published.
However, the literature search was limited to material covering fluidic
devices and systems and the supporting technology. This technical litera-
ture is almost entirely in the form of symposia notes, technical papers,
and reports which have been written within the last six years with the
greater proportion over the last two years. '

Over 600 literature references wefe recorded, primarily from TRW Systems
Group, Technical Information Center; and Monthly Bibliography Service for
Fluidic Technology, General Fluidics Corporation, Chatsworth, California.
The fluidic literature was arranged in alphabetical order by author and a
listing is presented in Appendix III-A, Fluidic Literature Bibliography.

A search was also made of the U.S. patent files to determine the scope of
the patents issued in the field of fluidics. Of primary interest were those
patents which are directly or indirectly related to propulsion system
applications. Copies of about 350 patents were reviewed, and each patent
was examined only to the extent necessary to determine its applicability.
The fluidic patents were arranged in alphabetical order by the discloser's

name, and are listed in Appendix III-B, Fluidic Patent Bibliography.

In summarizing the fluidic literature and patent searches, it may be stated
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that a significant amount of basic information was obtained on fluidic

components, systems, and applications. This information was useful in

defining fluidic fundamentals and definitions, and in the selection of

accepted nomenclature, drawing techniques, and symbology. Fundamental

theory, configurations, and performance also were obtained to support the

fluidic component study effort.

A subject index was organized so that the literature and patent bibliographies

could be used effectively in obtaining information in a specific area of

interest. The following categories were selected and presented in Appendix

III-C, with cross reference identifications to the literature and patent

listings in Appendices III-A and III-B.

II
I11
Iv

VI
VIl
VIII
IX

XI
XI1
XIII
XI1v
XV
XVI
XVII
XVIII
XIX

Fluidic Subject Index

Capabilities
Commercial Applications

Aerospace Applications
Propulsion Applications

Basic Fluid Flow

Digital Elements

Analog Elements

Valves and Power Elements
Passive Elements and Interconnects
Sensors and Interface Devices
Pneumatic Logic - Moving Parts
Digital Systems

Analog Systems

Hybrid Systems

Component Performance

System Analysis and Design
Instrumentation Techniques
Fabrication

Symposia and Abstracts



Agency Interviews

Visits were made to the major aerospace and commercial companies and
government agencies engaged in fluidics. Knowledgeable personnel were
interviewed with the purpose of establishing the state of the art of
fluidics relative to spacecraft liquid propulsion power systems. Infor-
mation concerning problem areas, future component and system requirements,

and expected performance gains in the next five years were also sought.

The agencies contacted during the reporting period were:

NASA Lewis Research Center, Cleveland Chio

NASA Goddard Space Flight Center, Greenbelt, Maryland
NASA Manned Space Flight Center, Houston, Texas

NASA Marshall Space Flight Center, Huntsville, Alabama
Wright-Patterson Air Force Base, Dayton, Ohio

MIT, Cambridge, Massachusetts

Corning Glass Works, Corning, New York

Genge Fluerics, North Hollywood, California

ASME and Harry Diamond Laboratories Fluidics Symposium,
Chicago, Illinois

Honeywell Incorporated-Aerospace Division, Minneapolis,
Minnesota

The Marquardt Corporation, Van Nuys, California

Harry Diamond Laboratories, Department of the Army,
Washington, D. C.

Bowles Engineering, Silver Springs, Maryland

The Bendix Corporation-Research Laboratories Division,
Southfield, Michigan

Martin-Marietta Corporation, Orlando, Florida

General Electric Company-Advanced Technology Laboratories,
Schenectady, N. Y.

Propulsion applications of fluidics were identified; the more important
ones are itemized below:

1. Secondary injection thrust vector control

2. Rocket engine throttling
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3. Liquid rocket engine start-run-shutdown logic systems
4. Pressure and flow regulation

5. Controllers, compensation, sensors, and actuators for
radiation hardened applications

6. Proportional and bistable attitude control

7. Pressurization system controls - cold gas, monopropellant,
and solid propellant

Propellant management - oxidizer/fuel ratio control
9. Temperature sensing in severe environments

10. Servo systems for gimbal actuation

The significant problem areas and future development requirements deter-

mined during the agency interviews are summarized below:

1. Temperature effects on fluidic elements presently are
determined for the most part on an analytical basis,
with little or no supporting test data. These effects
need to be identified for design purposes.

2. Although exploratory testing has been performed with many
fluids, very little development effort has been expended
on elements specifically designed for operation with liquid.

3. The scaling of elements is a major problem, particularly
when going from laboratory models to miniature sizes.

4, More compatible electrical to fluid and fluid to electrical
transducers are required. Many of the presently available
transducers utilize a mechanical interface, which detracts
from the reliability of the devices.

S. Several passive circuit elements are required, in particular,
a wide range laminar flow restrictor, a series capacitance,
an efficient nonvented fluid diode, and a sharp cutoff low
pass filter.

6. Performance information is needed on fluidic elements
exhausting to space vacuum or a controlled back pressure.

7. Consideration needs to be given to shutoff functions and
power supplies with no moving parts.

8. Materials, fabrication, and interconnection techniques need
to be established which are particularly suited to spacecraft
propulsion components. An optimum size and arrangement for
fluidic circuit modules should be considered.
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9. Analytical design procedures are noticeably lacking.
Work needs to be done to establish the analytical
techniques and tools that could be used to help
synthesize and design fluidic systems from the com-
ponent level and to reduce the long time, cost, and
uncertainty involved with present repetitive 'cut
and try'" methods.

10. Production runs are necessary to provide insight into
the reproducibility of elements and ultimate cost -
present estimates are misleading.

11. Service data are required on elements and systems
before realistic reliability estimates can be made.

Fundamentals and Definitions

Fluidic fundamentals and definitions as determined during the literature
search and agency interviews are presented in this section. The intent is
to provide common generally accepted ground rules which will enhance the

understanding of subsequent tasks undertaken during this study.

The important properties and parameters of fluid mechanics pertaining to
fluidics should be understood. This includes a firm understanding of fluid
pressure, fluid current, and fluid resistance. A complete discussion of
these parameters is incongruous with the objectives of this study program
and is adequately covered elsewhere. The reader is therefore directed to
Reference 3-1 for a general treatment of fluidic parameters and Reference
3-2 for a more detailed treatment.

The first set of symbols for fluidic circuitry was presented by General
Electric personnel at the October 1962, Fluid Amplification Symposium,

held at the Harry Diamond Laboratories, Washington, D.C. Since then, the
National Fluid Power Association and the Fluidics Panel, SAE Committee A-6,
Aerospace Fluid Power Technologies, have both done a great deal of work

in the definition of fluidic terminology, symbology, and performance rating.
The primary differences between the NFPA Proposed Standard (Reference 3-3)
and SAE ARP 993 (Reference 3-4) are in symbology:

1. The SAE uses a circle as the basic symbol, whereas the
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NFPA uses a square,.

2. The SAE makes maximum use of existing logic standards,
whereas the NFPA has redefined all of the basic logic
functions.

Symbology is still suffering growing pains, but since this study is aero-
space oriented, the SAE standards which are generally accepted in the
aerospace field would appear more appropriate. The SAE standards have
been adopted by the Navy and are soon to be published in MIL-STD-1306,

which is very similar to the SAE document.
For reference purposes, the SAE accepted fluidic terminology, nomenclature,

drawing techniques, symbology, and definitions of circuit and performance

parameters are included in Appendix III-D, Fluidic Standards.
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FLUIDIC COMPONENT STUDY

Devices utilizing fluid flow phenomena are fundamental to fluidics technology.
Most fluidic elements can be classified in one of the following categories:
digital devices, proportional devices, passive elements, and interface
devices. These basic building blocks of the technology can perform a

variety of circuit functions. Consequently, an understanding of the opera-
ting principles, performance, and limitations of these elements is

essential to their successful application, and to the analysis, design, and

test of circuits.

In this section, a Fluidic Component Rating Analysis Chart is presented as

a summary of the state-of-the-art performance of the most common fluidic
devices relative to various propellants, specific functional parameters,

and the space environment. The theory of operation, configuration, and
applications of each of the devices are covered, also state-of-the-art per-
formance and expected performance gains in the next five years. Subsequently,
component fabrication and materials and component performance relative to
propellants, specific functional parameters, and the space environment are
discussed. The literature and patent searches, the agency surveys, component
evaluations, and analysis were all used to support the discussion.
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Component Rating Chart

The Fluidic Component Rating Analysis Chart is presented as a management

aid in defining the state-of-the-art of basic fluidic devices and interface
elements relative to propellant compatibility, functional parameters, and
space environments. This chart, Table 3-I, presents ratings which are the
best estimates based on the results of the literature and patent search,
agency interviews, in-house evaluation, and performance analysis. The

space environment data used for this rating chart were based on the Aerojet-
General report, NASA CR-294, "Engine Operating Problems in Space - The

Space Environment."

Reliability ratings assigned to the various combinations of fluidic

components, propellants, and parameters have the following definitions:

RATING DEFINITION
1 Poor - a serious problem exists for

which there is no satisfactory solution.

2 Fair - a problem exists, but a remedy
may be available.

3 Satisfactory - i.e., within the state
of the art.
U Information upon which to make a

judgement is unavailable.

NA Combination is not applicable.
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Fluidic Components

Wall-Attachment Devices - Wall-attachment devices occupy a very important
position in fluidics. These devices provide a fairly high speed of response,

average efficiency, and relatively high fan-out. Versatility and relatively

good performance in a number of applications are strong recommendations for
their continued widespread use. Several basic logic elements utilizing this
principle have been developed including a flip-flop, monostable switch,

or/nor element, half adder, and a pulse converter.

The Coanda effect is the primary fluid dynamic phenomenon influencing the
performance of a wall attachment device. In 1932, Henri Coanda observed
that a free jet emerging from a nozzle will tend to follow a nearby curved
or flat plate and also attach to and flow along the surface of the plate
even though the flow path is divergent to the initial jet direction.
Consider a jet emerging into the area bounded by one right angle wall near

the direction of jet flow (Figure 3-1).

: ENTRAINMENT FLOW

SUPPLY FLOW

,___-
7 -
”~
-~

o
—

VORTEX BUBBLE

Figure 3-1 Illustration of the Coanda Effect

3-17



The emerging jet normally entrains ambient fluid because of high shear at

the edges of the jet. This entrained fluid is not easily replaced on the
side near the adjacent wall, whereas fluid is easily replaced by ambient
fluid on the opposite side of the jet. The result is a transverse pressure
gradient across the jet which bends the jet and forces it to attach to the
adjacent wall as the entrainment on the adjacent wall side is further re-
duced. A low pressure vortex region, or bubble, is formed between the jet
and the point of attachment, and within the bubble fluid is entrained near
the jet nozzle and replenished by separated flow near the point of attachment.

The configuration of the basic wall attachment device is shown in Figure 3-2.

CONTROL PORT
OUTPUT

INTERACTION
SUPPLY PORT REGION

g

CONTROL PORT

Figure 3-2 Basic Wall Attachment Device

The device utilizes two walls set back from the nozzle, control ports, and
channels to define two downstream outputs. The device is bistable, i.e.

because of the Coanda effect, a turbulent free jet emerging from the supply
nozzle can stably attach to either wall. The operating characteristics of

the unit can be varied by the relative position of the splitter vith respect

3-18



to the power jet nozzle, the control port size, the attachment wall angle,

and by asymmetry in the supply port and splitter locations.

The switching mechanism in a bistable wall attachment device is illustrated
in Figure 3-3. Presuming the jet is initially attached to the lower wall,
fluid is injected through the lower control port into the vortex bubble.
When the rate of injected fluid exceeds the rate at which fluid is removed
by entrainment, the pressure on the lower edge of the jet will increase.

As this pressure becomes greater than the pressure on the upper edge of the
jet, the pressure differential is reversed and the jet will detach and cross
over to and attach to the upper wall, and will remain attached even after

the lower control flow is removed.

The elimination of load semsitivity has been a major problem in the design
of wall attachment devices, since it is impractical to design interconnecting
impedances for each separate case. Consequently, most wall attachment
elements are vented or bled off to a suitable sink, so that over an appreci-
able operating range, each element is automatically matched to its applied
load. This approach, although inefficient in terms of input fluid power
considerations, is quite adequate in many circuit applications where total

fluid power is not critical.

The configurations shown in Figure 3-4 are representative of the many methods
utilized to decrease load sensitivity in a wall-attachment device. A few
examples of the many logic elements which utilize wall attachment principles

are shown in Figure 3-5.

The size of a wall attachment device is established by the width of the power
nozzle, i.e., a 10 mil element refers to one which has a power nozzle width
of 0.010 inch. Logically all of the internal amplifier dimensions are then
defined as ratios of the power nozzle width. Consequently, since most wall
attachment elements are two dimensional devices, the depth of the element
profile is expressed as the aspect ratio, which is the ratio of the profile
depth to the power nozzle width. Normally, these devices are designed with

aspect ratios from 1 to 4.
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(A) (B)

(C) (D)

Figure 3-3 Switching Mechanism in Bistable Wall Attachment Device
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Ve
VENTS OR
BLEEDS

VENTED OUTPUTS

.
VAR

Vents or bleeds in the output
channels isolate the interaction
region fairly well from downstream

conditions.

CUSPED SPLITTER

2 The cusp in the splitter generates
a latching vortex on the passive

output side of the power jet,

,//// consequently, the pressure, flow,
and power recovery of the device
are considerably increased. In

EZZZZZZZ;;ZBZZ;;;;Cry

addition, the active and passive
output ports are effectively
decoupled.

VENTS LATCHED VORTEX VENT

3. This vent configuration allows

Y
K

impedance matching over a wide
, range of load conditions, from
zero load up to and including
reverse flow into the amplifier.
\ Compression pulses propagated back
into the amplifier interaction

region are also attenuated.

/2

Figure 3-4 Methods of educing Load Sensitivity
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Figure 3-5 Wall Attachment Logic Elements
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Performance considered herein is general, and slight performance variations
due to aspect ratio (in the range of 1 to 4) were not considered. Quoted
performance is for sizes ranging from 10 to 25 mil. The 10 mil size appears
to be the smallest practical size. Air was the primary test fluid consider-
ed, however, present data indicates that performance with water or other low
viscosity fluid should be similar except that time response may be consid-

erably slower.

Time response of a digital element is defined as the time between a mea-
surable change of input signal to a measurable change of output signal when
the device is switched with a step input. The load is specified if the
element is load sensitive. Changes in design and operating conditions will
affect the switching speed of elements, but typical time response for wall
attachment elements range from 0.1 to 2 milliseconds. Faster switching
speeds have been achieved with high supply pressures (50 psig) and with
unstable geometries; however, this obviously is done at the expense of
power consumption and reliability.

Time responses of 0.5 to 1 millisecond are state-of-the-art for elements
with 10 mil wide power nozzles. Within the next five years switching times
should be reduced about 50 percent. However, it must be kept in mind that
response time is equal to the sum of the transport time and switching time,
where the transport time is the interval between the issuance of a particle
of fluid from the power jet nozzle and the arrival of the particle at the
output of an element, and is fixed by the geometry of an element. Pre-
suming more efficient element geometries will be designed, the response
time of a 10 mil element should decrease to about 0.2 millisecond in the

next five years.

Power recovery in nonvented wall attachment devices presently is a maximum
of about 50 percent at a pressure recovery of 60 percent. Maximum pressure
recovery is about 85 percent at low flow recovery and maximum flow recovery
is about 90 percent at low pressure recoveries. Typically, for state-of-
the art vented wall-attachment devices, pressure recovery is about 50 per-
cent at near zero output flow and flow recovery is about 85 percent at

near zero output pressure.
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Fan-in capability of wall attachment devices is limited by the configuration,
i.e., there is a practical limit to the number of control input ports which
can be present in the interaction region. A fan-in of four is considered
state-of-the-art, and potentially this should increase to about eight.
Fan-out is defined as the number of digital elements which can be controlled
from the output of a single identical element operating at a common power
nozzle pressure. Fan-out of up to 32 has been reported, however,'present
practical fan-out capability is 4 to 6.

Typical pressure and flow gains range from 1 to 15 depending on fan-out,
Control pressures of 2 to 15 percent of supply pressure are normally re-
quired to switch a device. However, switching pressure can increase up to
about 50 percent with increase in fan-out from 1 to 4. Present state-of-
the-art for a 10 mil element is a switching pressure 5 to 10 percent of
supply for a fan-out of 1.

State-of-the-art performance of bistable wall attachment devices is summar-
ized in Table 3-II along with the expected performance gains in the next
five years. Typical performance curves of three commercially available wall
attachment elements are shown in Figures 3-6, 3-7 and 3-8,
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Table 3-11I

Performance of Bistable Wall Attachment Devices

State-of-the-Art
Parameter In 5 years
Typical I Best
Power Nozzle Size (mil) 5 - 40 10 2 -10
Aspect Ratio 0.8 -4 1 -2 1-2
Supply Pressure (psig) 0.1 - 40 1-10 0.05 - 5
Switching Pressure * _ -

(X of supply) 3 - 13 2 1-3
Fan-in 2-6 - 4 8
Fan-out 1-16 2 -4 6 -8
Nonvented Devices:

Pressure Recovery
Q Qo -0 (%) 60 85 . | 90 +
Flow Recovery
@ Po -0 (2) 70 90 80
Power Recovery (%) 40 50 70
Vented Devices:
Pressure Recovery
@ Qo - 0 (2) 25 - 40 S0 75
Flow Recovery
Power Recovery (%) 20 - 30 30 40 - 50
Pressure Gain 1-15 15 25
Flow Cain 5 - 20 20 30
Response Time (millisecond) 0.1 -2 0.5 (10 mil 0.2 (10 mil
—DoEgle)

* For fan-out of 1, i.e.,with the control port of an identical device as
a load.
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Power & Control Nozzles:
.020" wide x .080" deep

Power Nozzle Pressure:

1.5 psig minimum
3.0 psig normal
20 psig maximum

Switch Pressure:
5% to 15% of supply

Pressure Recovery:

33% maximum
Frequency Response over 1000 cps

Fan-out of 4 similar devices

SUPPLY PRESSURE vs. SUPPLY FLOW

PRESSURE, PSIG

15

12

9 /

0 2 4 6 8 10 12
FLOW, CFM

RECOVERY PRESSURE vs. CONTROL PRESSURE

OUTPUT PRESSURE vs. OUTPUT FLOW

I —
o ) SORE= 15 P16
@
g 4
i 2 NOZZLE LOAD
S 3 =
2
g
2
x 4 NOZZLE_LOAD T
H | [
3 1
S § NOZILE LOAD
-3
0 3 10 15

CONTROL PRESSURE, PSIG

PRESSURE, PSIG

15 | N R B

P, = SUPPLY PRESSURE
[

60 515 py
N

Sl TS

30 ™~

=3,
15 ——P==<4
\-’:[\2;& I~

0 2 A .6 8 10 12
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Figure 3-6 Load Insensitive Flip-Flop Performance

(Courtesy of Corning Glass Works)




Power Nozzle:
Flow Ws = 55 ulb/sec

200

Pressure Ps = 1.0 psig 'mo
Notation: °
2120
P = Pressure >
W = Flow 2
R = Flow Resistance L 80
Subscripts:
s - Supply 40
¢ - Control
o - Output
o | I ! |
NOTE: is a load approximating ° 20 QOP(”wa 80 10
[} .
the flow resistance of a control SUPPLY PRESSURE ve. FLOW CHARACTERISTICS
port of an OR/NOT element operating
at the same supply pressure.
O'ST o1
0.4+ 0.8¢
t LoaD= R ™
- L INPUT CHARACTERISTIC
~ 1 L R veW,
00931 0.6 {LOAD" R
] J
] N
]
0. ! 0.4
]
4
;o oot l 024 OUTPUT CHARACTERISTIC
14 : ' " PRvs ¥
I i
1' ] L ! i - / . L L 1 o
-0.05 ) 0.05 Q.0 ., 0.2 04 0.6 s Y
B/p — /{ / bre, 0 10
SWITCHING CHARACTERISTICS =T INPUT-OUTPUT PRESSURE vs. FLOW CHARACTERISTICS

Figure 3-7 Flip-Flop Performance

(Courtesy of General Electric)
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Power Nozzle:

Flow Ws = 135 ulb/sec 249
Pressure Ps = 3.0 psig Tzoo
Notation: g'.o
P = Pressure 3>
W = Flow ’.n:o
R = Flow Resistance
Subscripts: i
s - Supply -
¢ -~ Control
o = Output 1 N . ,
% 2 « 0 %
Note: is a load approximating surpLy p fiipsig) —=
the flow resistance of a control LY PRESSURE ve. FLOW CHARACTERISTICS
port of an identical element
operating at the same supply pressure.
.2 T
OUTPUT CHARACTEMISTIC
'o' .. .o.
30 v I 1.0 4
¥y
3
204 [.X L 2 L LAl
CHARACTEMISTIC
RANGE OF 3 RANGE
CONTROLS SWITCHING
00TH WAYS
t.'.s-. /_
R )
104 FAN-OUT + 4
(LOAD* A /@)
03¢
‘—f’ P
1 i .
-ir* I& /ﬁf* 46 gy ° 0.1 or 03 (Y] os
SWITCHING CHARACTERISTICS INPUT AND UNSWITCHED OUTPUT PRESSURE w. FLOW CHARACTEMSTICS

Figure 3-8 Or/Not Performance
(Courtesy of General Electric)
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Turbulence Amplifier - The turbulence amplifier consists of a supply tube

and an output tube precisely aligned in a vented cavity, and one or more

control input tubes perpendicular to the power tube axis. The power jet

is introduced into the cavity as a laminar stream, so that in the absence
of control flow, much of the original jet power can be recovered at the
output. When one or more of the control flows are introduced perpendicular
to the power stream, as shown below (Figure 3-9), the jet becomes turbulent

before reaching the receiver and the output pressure drops sharply.

CONTROL

L

SUPPLY OUTPUT

VENT

Figure 3-9 Turbulence Amplifier Configuration and Operation

The power supply pressure is normally adjusted so that the laminar jet
starts to become turbulent as it enters the output tube. Consequently,
only a small disturbance by the control flow will cause the power stream

to become totally turbulent,

Time response of the turbulence amplifier is considerably slower than

wall attachment devices. Normal switching times are 5 to 10 milliseconds,
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and the shortest practical cyclical switching period is about 3 milliseconds,
i.e., the relatively long interval (2 to 6 milliseconds) required to re-
establish laminar flow after transition to turbulent conditions. It has the
advantage of excellent input-output isolation, and typical fan-in and fan-out
are 8 to 10,

The major applications for the turbulence amplifier appear to be in the areas
of logic, sensing, and counting particularly in industrial areas where its
comparatively low speed is adequate. Application of this device in pro-
pulsions systems does not appear practical at present, because of the acous-

tic sensitivity of the power stream which makes it relatively unreliable

in severe vibrational and shock environments.
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Induction Amplifier -

This device is essentially a back-to-back arrangement
of two airfoils as shown in Figure 3-10.

§E 20000 E: :. LEFT
BRI OUTPUT
e
POWER &
JET
& RIGHT
OUTPUT

" Figure 3-10 Induction Amplifier Configuration

When flow is applied to the power jet, the flow will adhere to one of the
airfoil shaped boundaries downstream of the power jet. With flow
originally flowing out of the left output duct, to switch the flow a con-
trol signal must be applied to the right control duct. The stream from
the right control duct adheres to the outside wall of the right output
duct. Since the control flow is tangential to the power flow in the inter-
action region, the transverse pressure gradient is reversed which causes

the power jet to switch and flow through the right output duct.

Except for the switching principle, the characteristics of this device are

similar to those of the bistable wall attachment amplifier. No performance

information is specifically available on this device, although it is ex-
pected it would perform somewhat like a boundary layer amplifier. Typical
pressure gains are 2 to 3, flow gains 20 to 30,and power gains 60 to 80.
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Edgetone Amplifier - The edgetone amplifier is a high-speed planar flip-

flop which uses a fluid dynamic phenomenon called the edgetone effect. To
understand the effect, consider a fluid jet impinging on a wedge. Under
the proper conditions, the jet will continuously oscillate back and forth
across the wedge tip, shedding a vortex on each side. In the edgetone
amplifier, as shown in Figure 3-11, the power jet stably oscillates
between the wedge shaped splitter and the cusp of the output duct in use,

until a signal is applied to the control duct to switch the flow.

LEFT

* LEFT
OUTPUT
POWER SPLITTER
JET .
RIGHT
OUTPUT

CONTROL

Figure 3-11 Edgetone Amplifier Configuration

A relatively small signal is required to switch the output, because the
power jet is oscillating. The primary functional difference in the edge-
tone amplifier from a typical wall attachment bistable element, is the 0.1
millisecond or less switching time for a typical device. Little information
about this device is presently available, and apparently it is not in wide-
spread use. The possible reasons are low signal to noise ratio and reduced

reliability in shock and vibrational environments.
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Focused Jet Amplifier - Operation of the focused jet amplifier is based

on the tendency of an inwardly directed annular jet to adhere to the upper
surface of a flow separator by wall attachment and to form a focused jet
(Figure 3-12), which is collected at the output tube. When an annular
control signal is present it prevents collapsing of the power jet and the
flow is directed away from the output tube so that the output is greatly

reduced.
NO
OUTPUT
cUTPUT FLOW
fLOW

OUTPUT DUCT

CONTROL

FLOW SEPARATOR

Figure 3-12 Focused Jet Amplifier Configuration and Operation

Operating pressure range of this device is 3 to 14 psig. However, a large
volume flow is required because of the large aspect ratio. Switching
speeds range from 0.3 to 0.6 millisecond. Fan-in and fan-out capabilities
are only average. The switching of the jet is not completely snap action,

but the device is not suited for proportional operation.

The high flow requirements with no significant performance gains will limit
the application of this device. In addition, the axisymmetric configuration
is considerably more expensive to manufacture than a two-dimensional

bistable element.
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Stream Interaction Amplifier - The stream interaction amplifier fulfills

many critical system functions. The amplifier is particularly suited to
applications in which the input control signals are continuously compared
and continuous proportional output changes are required. Applications
include sensors, stabilization systems, speed control, temperature control,
pressure control, and analog computation. Proportional deflection of the
power jet is achieved in the stream interaction amplifier because of changes
in the control stream energy level. This has given rise to a variety of
terms to describe the main operating principle. These include beam de-

flection, stream interaction, momentum exchange, and jet-on-jet.

For proportional operation, a device is specifically designed to avoid the
Coanda effect. This is done by shaping the interaction region so as to
prevent wall attachment (Figure 3-13). The entrainment requirements of the
power jet are then easily satisfied, since under normal operating conditions
there is no effective limitation on the rate at which ambient fluid can be
replaced in the side regions.

The shape and dimensions of the cutout areas have considerable influence

on the performance of the amplifier. Any fluid that is not picked up in
the outputs must be removed efficiently and with minimum disturbance. Any
disturbance can be reflected from the walls of the interaction region back
toward the power jet to produce a feedback effect, which could result in
unstable operation, oscillation, or reduced gain. The two side regions of
the interaction region are either connected together or vented to atmosphere
SO as to equalize the pressure against the power jet. The stream inter-
action amplifier is also extremely sensitive to high impedance loads which
present a problem even when the bleeds are adequate. A center dump or bleed
port is often used between the output ports to help alleviate this effect.
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Figure 3-13 Proportional Amplifier - Interaction
Region Shapes
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Control ports are located on either side of the power input nozzle as shown
in Figure 3-14,

LEFT CONTROL

LEFT
OUTPUT

POWER
INPUT

INTERACTION REGION

OUTPUT
RIGHT CONTROL

Figure 3-14 Proportional Amplifier Configuration

With equal or no control flow present, the jet input flow crosses the inter-
action region, strikes the splitter, and flows equally out through the two
outputs. When a center dump is used, a.large percentage of the flow vents
through the center dump and the remainder is equally divided between the two
outputs. If one control force is made greater than the other, the power

jet is deflected away from the center line in the direction of the weaker
force and a greater portion of the jet enters the output receiver on that
side. The deflecting force of the control streams may be either a pressure
force or a momentum flux force; both types are present in all stream inter-
action amplifiers. In general, momentum forces predominate when the controls
are set back several nozzle widths from the power jet, and the pressure force

is increased as the controls are brought closer to the edge of the power jet.

Stream interaction amplifiers are generally proportional and two dimensional
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and are sized the same as a wall attachment device, i.e., by the power
nozzle width and the aspect ratio. Performance is affected by the aspect
ratio, the control location and direction, output and vent locations, and

the configuration of the interaction region.

Pressure gain is usually the parameter of general interest, but there are
several other important criteria which should be considered before a fair
judgement can be made, i.e., flow gain, power gain, pressure recovery,
linearity, etc. Of course, optimum pressure gain is achieved at the expense
of flow and power gain, so that a useful amplifier must be a compromise
between the three. The theoretical maximum pressure gain for momentum
deflection devices is about 20, but when the pressure forces are included

no theoretical limit presently exists.

Signal-to-noise ratio usually becomes the most important criterion, and it is
felt this ratio should be greater than 100, and in some cases 150 to 200 has
been achieved. Noise is defined as the peak-to-peak pressure fluctuations
measured at null and full output, from zero to about 100 cps when working

into a load equivalent to one-third the power nozzle area.

The present state-of-the-art performance of stream interaction proportional
amplifiers is summarized in Table 3-III, along with the expected performance
gains in the next five years. Typical performance of three commercially

available amplifiers is shown in Figures 3-15, 3-16 and 3-17.
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Table 3-III

Performance of Stream Interaction Proportional Amplifiers

m
State-of-the-Art
Parameter In 5 Years
Typical Best

Power Nozzle Size (mil) 5-40 10 5
Aspect Ratio 1-3 2 1-2
Supply Pressure (psig) 1 - 100 1-10 1-5
Pressure Gain:

No Load - 15 20 20 - 25

With Equivalent Load 1-10 8 12 F

With Signal to Noise '

Ratio > 100 1-8 6 10
Flow Gain 10 15 - 20 25

'Power Gain 50 - 100 150 200

Presaure Recovery
eq =0 () - %0 70
Flow Recovery
@ Po-.o () 40 50 60
Pover Recovery (%) 20 - 30 30 50
Linearity (2)

Of Best Straight Line 2-5 1 1 -2
Linear Range (%)

Of Supply Pressure *2 + 30 * 30
Maximum Range (%)

Of Supply Pressure $30 + 40 60
Operating Frequency-Gas (kc) 0.1 -5 I 1 -2 2 -6

sl ese————————
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Power Noszle:
Flow H. ® 58 ulb/sec

Pressurs P. = 1.0 psig

Notation: _I.
P = Pressure 3
We Flow g_
R = Flov Resistance s

Pressure Differential
between Opposite Sides

AP

Subscripts:

s - Supply
¢ - Control
o - Output

NOTE: &L is a load approximating
the flow resistance of a control port
of an identical element operating
push-pull at the same supply pressurs.

R 00, 028 @m0t
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‘. . ".'o"‘ 0 mLL
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[ X ] 3 §
GAN CHARACTERISTICS
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Figure 3-15 Stream Interaction Proportional Amplifier Performance

(Courtesy of General Electric)
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Powver Nozzle:
Flow w. = 58 ulb/sec
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Pressure P' = 1.0 paig OUTPUT CHARACTERISTIC
Notation: t
P = Pressure 3
W « Flow »
R = Flow Resistance o NPUT CHARACTERST
AP = Pressure Differential ' ¢
between Opposite Sides % "f‘ (Loa0-~"
Subscripts:
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¢ -~ Control | N s
o
o - Output ] 0.2 o,h 04 X}
INPUT - OUTPUT PRESSURE vs FLOW CMARACTERISTICS
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the flow resistance of a control
port of an identical element operating
at the same supply pressure.
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Figure 3-16 Stream Interaction Rectifier Performance

(Courteéy of General Electric)
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Dimensions:
Power Nozzle -~
.010" wide x .025" deep

Control Nozzle -
.015" wide x .025" deep

Performance:
Power Nozzle Pressure -

5 psi nominal

.1 psi minimum

Pressure Recovery -

252 of supply pressure
maximum (See curve)

Pressure Gain -

G(m.vhcnPc-.ll')

]

Frequency Reeponse -
Over 1000 cps

POWER JET PRESSURE vs. FLOW

i

15

12

/

4

02 04 08 08 30 12

FLOW, SCFM

14

PRESSURE GAIN vs. CONTROL BIAS

OUTPUT CHARACTERISTICS

10 ﬂwﬁfiEQu;s

CONTROL BIAS PRESSURE, PSIG

. LOAD = .84 X RECEIVER AREA
sl8
§' .
4
AESN
[———
. 2 3 L S ¢ L

OQUTPUT PRESSURE, P3G

Figure 3-17 Center Dump Proportional Amplifier Performance
(Courtesy of Corning Glass Works)
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Vortex Amplifiers - A vortex amplifier utilizes the properties of a vortex

to regulate flow. It is a pure fluid device in which a radial primary flow
is controlled by a tangential control flow. In operation, the control flow
generates a vortex and thereby restricts and reduces the larger primary flow.
The modulated primary flow exhibits negative flow gain, since an increase

in the vortex generating control flow results in a reduction in the net
outlet flow.

Vortex amplifiers will modulate flow from full output down to about 5 to 10
percent of full output. At the lowest output flow the primary flow to the
amplifier is essentially zero and the total output flow is supplied almost
entirely by the control flow. Vortex amplifiers can control the flow of
gases and liquids and consequently have potential application in propulsion
system controls. They can be used in hydraulic and pneumatic systems as
power stages for driving cylinders and motors and for piloting conventional
control valves. '

The basic vortex amplifier consists of a cylindrical chamber with supply and
control flow inlets and an outlet orifice as illustrated in Figure 3-18.

CONTROL FLOW

SUPPLY{T’ SUPPLY FLOW yd
)
~
Ny
VORTEX OUTLET OUTLET
CHAMBER ORIFICE ORIFICE
(@) NO CONTROL FLOW. (b) WITH CONTRCL FLOW

Figure 3-18 Vortex Amplifier Operation
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With no control flow present, the supply flow enters the vortex chamber and
proceeds radially inward with minimal resistance and flows through the out-
let orifice. The supply port is generally much larger than the outlet
orifice, so that with no control flow the outlet flow rate is determined by
the area of the exit orifice and system pressures. When control flow is
injected tangentially into the chamber, a rotational component is imparted
to the supply flow. The combined flow has both a tangential and a radial
velocity component which must increase as the flow moves inward to conserve
angular momentum. Centrifugal force due to the fluid rotation results in a
radial pressure gradient, which reduces the pressure differential across

the outlet orifice, and thus reduces the outlet flow.
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Vortex Valve - The vortex amplifier in its simplest form is shown in

Figure 3-19.
INLET
Pc'mc —> O

— Po' rh°

Figure 3-19 Vortex Valve Configuration

This device is known as a nonvented vortex amplifier or vortex valve. In
this form, the vortex valve can be easily constructed in a two dimensional
- configuration, and although performance is not optimized, it is’ adequate
for many applications. In a typical optimized configuration the supply
flow is introduced through an annular slot at the periphery of the chamber
(Figure 3-20).

o NN /
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Figure 3-20 Optimized Vortex Valve Configuration
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This configuration allows a uniform sheet of supply fluid to enter the
vortex chamber and control flow can be introduced at several points. The
more uniform the mixing of the control and supply flows, the better the
valve performance. This three-dimensional configuration is more complex

and consequently harder to build.

A second outlet port can be added to either of the above vortex valve con-
figurations, which will provide a 50 to 75 percent increase in performance.
However, this adds further to the complexity of the valve. In particular,
it becomes a major design problem to connect the two outlets, which dis-

charge 180 degrees apart, without affecting valve performance.

The static performance characteristics of a vortex valve is conveniently
represented by a family of curves of outlet flow, mo, versus supply pres-
sure, Ps’ for a constant control pressure, Pc (Figure 3-21). The upper
envelope of the curves is the flow characteristic of the outlet orifice
when Pc< Ps and presuming that the pressure drop from the inlet of the
vortex chamber to the edge of the outlet orifice is negligible. The lower
bound of the constant control pressure curves indicates the point at which
supply flow is completely shut off and the outlet flow is equal to the
control flow. Typical performance curves are shown in Figures 3-22, 3-23,
and 3-24,

The most widely used performance criterion of vortex valves is the turndown
ratio. This is defined as the ratio of output flow with Pcs Ps to the out-
put flow when the supply flow, ms, is zero at a constant supply pressure.
m (P <P)

Turndown Ratio = ——S 35
mo (ms = 0) Ps = constant
A vortex valve can be optimized for maximum turndown by utilizing rela-
tively small control port areas and chamber to outlet hole diameter ratios
of less than 8, however, a bistable hysteretic device will result. Normal
useful designs are non-hysteretic with minimum noise in the high gain

region. To accomplish this:
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Figure 3-23 TRW Systems Vortex Valve Performance - Unloaded
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1. Chamber to outlet hole diameter ratio is usually between
8 and 12,

2. OQutlet hole to control port area should be about 8, and

3. Chamber length is usually greater than 1/2 the exit hole
diameter.

Since the control pressure must be higher than the supply pressure, a vor-
tex valve cannot operate with full line pressure on its load. Consequently,
another important criterion, often overlooked when specifying vortex valve
performance, is the control to supply pressure ratio at turndown. This

ratio varies from about 1.05 to 2 depending on how the valve was optimized.

Present vortex valve performance is summarized in Table 3-IV along with
estimates of expected performance gains in the next five years. Vortex
valve sizes are assumed to be about 1 inch. Wall effects become a factor
below a chamber diameter of 1 inch and performance will be lower than
estimated in Table 3-IV. The outlet orifice is also presumed to be sonic,
although performance will improve somewhat with a subsonic orifice. A
sufficient number of control nozzles are also required to insure minimum
pressure drop and uniform mixing in the vortex chamber.

A vortex valve can operate with any type of fluid. It has been used with
gases, water, hydraulic fluids, liquid propellants, and liquid metals.

The most efficient operation is obtained with low viscosity fluids such as
air and water; modulation range is reduced with the higher viscosity fluids.

Units have been built in sizes ranging from 0.072 inch to 9 inch chamber

diameter.

One type of vortex valve, the vortex throttle, utilizes a gas to control
fluids such as water or liquid propellants. Turndown ratios of up to 50
have been reported for the vortex throttle. This device should find wide
application in liquid throttling applications where the mixing of small
percentages of gas with the controlled liquid is either not detrimental or
beneficial. For instance, low molecular weight gases have been used to

stabilize combustion in several small deep-throttling bipropellant rocket
engines.
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Table 3-1IV
Nonhysteretic Vortex Valve Performance

TURNDOWN RATIO

Single Exit Double Exit

In S Years S.0.A. In S Years

AIR

AIR

AIR

WATER

WATER

WATER

WATER

HYDRAULIC
OIL

HYDRAULIC
OIL

HYDRAULIC
OIL

HYDRAULIC
OIL

S.0.A. - State-of-the-art

U - Information presently unavailable
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Vented Vortex Amplifier - The vortex valve has a limited range of flow

modulation. To overcome this limitation, a vented vortex amplifier
utilizes a receiver tube which is located and displaced axially away from

the outlet orifice (Figure 3-25).

NO CONTROL FLOW

SUPPLY

FLOW

MAXIMUM
OUTPUT FLOW
MAXIMUM

SUPPLY L L LA

FLOW SR Y ~

MINIMUM Sy @1"

L
i4T _, OUTPUT

FLOW

' W/ ZERO

Figure 3-25 Vented Vortex Amplifier Operation

With no control flow to the vortex amplifier, the flow exiting from the
vortex chamber is a well-defined jet. This flow is recovered in the
receiver tube, and the recovery characteristic is similar to that achieved
in a jet pipe. As control flow is applied, a vortex is generated and the
flow out of the exit orifice forms into a hollow conical shape, such that
some of the flow is diverted to the exhaust. When a sufficiently strong
vortex is generated, all of the exiting flow fans out to miss the receiver
tube. This then produces a valving action with full modulation of flow to

2€T0.
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Conventional vented vortex amplifier nomenclature and symbology are shown
in Figure 3-26. The most widely used symbol for a vented vortex amplifier
consists of three concentric circles. The largest represents the outer
diameter of the vortex chamber; the intermediate circle represents the vent
port; and the inner circle represents the load flow receiver. Supply flow
is shown by a radial arrow pointing at the outer circle and control flow is
shown by an arrow tangent to the outer circle. Load flow and vent flow are

shown by radial arrows originating from the inner and intermediate circles

respectively.
VENT
CONTROL INLETS Pv, h
P, n M
¢! ¢ l
LOAD
“p,m
o’ "o
SUPPLY
P,lil annsmesnlie
S s 2
% VORTEX CHAMBER
P
c

P
o

Figure 3-26 Vented Vortex Amplifier-Nomenclature and Symbology
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Typical pressure gain characteristics for the vented vortex amplifier at

several supply pressures and under blocked load conditions are shown in

Figure 3-27.
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SUPPLY PRESSURE, P, (PSIG)
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Figure 3-27 Typical Pressure Gain Characteristics
Vented Vortex Amplifier

It should be noted that the control pressure must exceed the supply pressure
level before the characteristic turndown pressure recovery curves are

achieved; i.e., no incremental gain is exhibited until the control pressure

exceeds supply pressure. Consequently, this type of amplifier requires a
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bias pressure at the control input higher than the supply pressure. The
gain shown by the characteristic curves, i.e., the change in load pressure

for an incremental change in control pressure, is about 10.

Other important aspects of properly designed vented vortex amplifiers are

as follows:

1. Incremental gain is virtually independent of load over a
wide range. Consequently, this type amplifier has a very
low incremental output impedance and can be cascaded

effectively with virtually no gain loss.
2. Increased vent pressure does not degrade performance.

3. Load output pressure is virtually independent of vent

pressure over a considerable range.

The performance of vented vortex amplifiers is hard to define, and is best
described by the incremental pressure gain and the powe} efficiency at the
load. The incremental pressure gain is the'change in load pressure for an
incremental change in control pressure in the linear range of the amplifier.
Power is defined as the product of pressure and flow. Load power efficiency
is the percentage ratio of delivered load power to output power. Although
pressure recovery can be extremely high (95 percent) under blocked load
conditions with no turndown, the flow recovery is zero. However, large size
(WL = 0.5 1b/sec) vented vortex amplifiers have been operated at a point
with flow recovery of about 95 percent and pressure recovery of about 30
percent.

Performance of vented vortex amplifiers is summarized below in terms of

useful pressure gain (i.e., capable of driving another stage) and power
efficiency at a point.
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VENTED VORTEX AMPLIFIER PERFORMANCE

Pressure Gain:

0.25" diameter 500
2" to 3" diameter 5000

Power Efficiency with Gases:

State of the Art 50%
Within S years 60-65%

Power Efficiency with Liquids:

State of the Art 65%
Within 5 years 75%

Error detection circuitry is readily implemented with vented vortex
amplifiers, since there is sufficient room around the outer periphery
of the vortex chamber to accommodate a.hultiplicity of control ports,
which can be arranged to either aid or oppose each other. For instance,
the Bendix Research Laboratories have demonstrated the use of up to 16
separate summing control ports on a l-inch amplifier. This is compared
to a typical jet-on-jet amplifier where it is very difficult to sum more
than two pairs of control ports without significant loss in gain and

pressure recovery.
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Vented Jet - The vented jet amplifier, or confined-jet, utilizes the prop-
erties of a freely expanding jet impinging on a receiver (Figure 3-28).

By confining the jet, and controlling the vent rate of gas from the chamber,
useful amplification is achieved. Vented jets have been used to control
vortex valves and have exhibited high flow and pressure recoveries in this
application. The vented jet is also beginning to find application in

fluidic pressure regulation circuitry and servovalves,

To understand the operation of the vented jet, presume that the supply flow
is essentially fixed (Figure 3-28) and the output pressure (P ) and the exit
flow are controlled by the vent pressure (P ), which regulates the spread of
the supply jet. With the receiver outlet blocked, i.e. m = 0, a vented jet
exhibits three different characteristic regions (Figure 3 29):

1. At low vent pressures there is a region of moderate
pressure gain (APO/ APV between 1 and 3), but due
to the low vent pressure, the logarithmic gain is

poor Apo/Po oy
APV7Pv
2. At intermediate vent pressures, there is a high gain
region which is unstable (at least when using conventional
receiver configurations), which for certain geometries

can be stabilized by pulling sufficient flow from the

receiver,

3. At high vent pressures, there is a stable low gain
region (A PO/AA Pv <l1).
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Figure 3-28 Vented Jet Amplifier Configuration
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The instability in the high gain region may be explained as follows

(considering the blocked output case):

R e U —
——/—“ Q

A

: i, |
._-—1::===EE§§§§§§§?::
_ — =~

A

\

(<

K

The downstream volume
charges up and total
pressure increases.

As flow decelerates in
the receiver, the total
pressure at plane A
approaches the jet total
pressure.

Due to high total
pressure in the receiver,
flow tends to backflow
out of the receiver to
the vent.

The jet is deflected and
the volume downstream of
the receiver vents down
to the vent pressure.

5. The jet returns to its normal position and the cycle restarts at (1).
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The plausibility of the above explanation is supported by qualitative
observations made during vented jet testing. One is that flow from the
receiver will stabilize things at times. Another is that the frequency of
oscillation goes up when the volume downstream of the receiver is reduced.

Many possible remedies have been suggested to improve vented jet stability.
Improvement has been noted when the receiver is just a chamfered hole in a
flat plate. Normal receivers are conical on the 0.D. and chamfering pro-
duces little or no improvement. When size permits, devices to provide
stabilizing negative feedback from the receiver to the vent cavity might
help, or the receiver may be slotted to facilitate stable venting or

contoured to improve pressure recavery.

Aside from such items as receiver shape, location of vents, etc., the two
most important vented jet parameters are (1) the ratio of jet diameter to
the receiver diameter, and (2) the spacing between the jet and receiver.
For a fixed ratio between the jet and receiver diameters, increasing the
spacing does the following:

1. The blocked output pressure recovery at high vent
pressures is not significantly affected.

2. With significant output flow and high vent pressures,
output pressure recovery drops slightly.

3. The unstable high gain region extends across a wide
range of output and vent pressures, and the average
gain across the region increases.

4. Gain increases at the lower vent pressures, although
flow recovery becomes poorer.

Vented jet amplifiers are primarily fabricated in three dimensional config-
urations (Figure 3-28) and are sized by the internal diameter of the supply
nozzle. Two dimensional vented-jet configurations are currently being

investigated, since they are easier to integrate with other fluidic circuit

elements.
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The supply jet is controlled by vent pressures of 15 to 30 percent of the
supply pressure, with maximum output flow and pressure recoveries on the
order of 70 to 90 percent. Preliminary testing has shown that vented jets
are relatively insensitive to gas temperature and supply pressure varia-
tions. To date very little information is available on the performance of
the vented jet, although several investigators are experimenting with it.
Wider application of this device is expected, once the instability in the
high gain region is solved. Typical performance is shown in Figure 3-30

for a unit with a supply nozzle diameter of .040 inch and a fixed area
load. )
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Figure 3-30 Typical Performance - Vented Jet
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Flow Diverter - Fluid flow diverters, or switches, are nonvented wall

attachment amplifiers which are designed to achieve maximum pressure
recovery in the output ducts. Whenever a fluid jet passes through a region
of similar fluid, entrainment, momentum exchange, and frictional losses
occur, which cause degradation of the stream. The loss of energy and
pressure of the stream increases directly with the length of the interaction
region. Therefore, to obtain maximum output pressure and power, it is

necessary to locate the output ducts as close as possible to the input ducts.

The splitter in the flow diverter (Figure 3-31) is normally located 0 to 2
supply nozzle widths downstream from the exit of the supply port. Without
control flow, the side wall influence is insufficient to deflect the supply
jet, because of the small differential pressure developed by entrainment
over an effective sidewall distance of only 2 supply port widths, and the
power stream flow divides about equally between the output ducts. However,
the pressure differential developed over this short length, results in a
larger deflection by a given control signal than possible in an open system
without bounding walls. The flow diverter essentially uses stream inter-
action for switching and is not bistable, because a continuous control
signal is required to keep the supply flow switched to the opposite output
port.

Pressure recovery of this device ranges from 60 to 90 percent, which is
accomplished at the expense of pressure and flow gain. Time response is
equivalent to or better than normal wall attachment devices, because of the
unstable load sensitive geometry. Air has been used in a flow diverter to

switch water flow with pressure recovery as high as 80 percent.

Application of this device has been limited to date, consequently very little
performance information is available.
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Boundary Layer Amplifier - This two dimensional device uses the principle

of forced separation of a stream flowing over a curved surface. With no
control flow (Figure 3-32), the supply flow adheres to the adjacent curved
surface until well downstream of the control duct so that the flow is
vented. When control flow is injected into the boundary layer of the
curved surface, the point of separation moves upstream so that the supply

flow is directed into the output duct.

SUPPLY OUTPUT

SUPPLY -3

-«
~

CONTROL

Figure 3-32 Boundary-Layer Amplifier Operation
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A prototype model of a boundary layer amplifier is shown in Figure 3-33.

A low, but constant bias flow is required to force the power jet to unlock
and return to the off position when control flow is removed. The location
of the control slots have significant effect on the characteristics of the
amplifier. An island is necessary in this device to eliminate output

hysteresis effects.

The boundary layer amplifier is used primarily when a high input impedance
power amplifier is required. Typical pressure gains are 2 to 3, flow gains
20 to 30, and power gains 60 to 80, at relatively low pressures (about 5

psig).

This device is limited by its low pressure gain, complexity of construction,

and relatively slow response time.
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Figure 3-33 Boundary Layer Amplifier Configuration
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Double Leg Elbow Amplifier - This device is essentially a more complex

version of the boundary layer amplifier. The double leg elbow amplifier
(Figure 3-34) has two output ducts. With no control flow, the momentum
flux in the active leg is low near the outlet of the passive leg, hence

the combined flow is directed into the left output duct. When a control
flow is applied, the point at which the flow in the active leg separates
from the channel wall moves upstream, so that the momentum distribution
across the flow changes and the combined flow is directed toward the right
output duct. The action is proportional, since the proportion of the power
stream which flows into either of the output ports depends upon the

momentum distribution of the combined active and passive flows.

The double leg elbow amplifier provides very high flow amplification at low
pressures and low operating frequencies. Maximum gains under static

conditions are flow gain 300, pressure gain 3, and power gain 500. Typical
flow gain is 200 and power gain 40. However, the performance of the device
drops drastically‘as the operating frequency is “increased, i.e., down 3 db

at 10 cps and down 10 db at 40 cps. Application of this device will be limited

by the low pressure gain, complex construction, and slow response time.

Control
flow iniet input
e channel

vent

Figure 3-34 Double Leg Elbow Amplifier Configuration
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Impact Modulator - The impact modulator is a proportional amplifier concept
that uses two axially opposed power jets to provide a planar impact region.
Its operation depends on varying the axial momentum of one of the supply
jets, so as to vary the position of the planar impact region. There are
two versions of this device, the transverse and the direct impact modulator.

In the transverse impact modulator, Figure 3-35, when a control signal is
applied, the momentum of the left supply jet is decreased and the impact
region moves to the left. Consequently, the output flow and pressure

decrease and,since the output pressure decreases with increase in control

pressure, the device has negative gain.
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Figure 3-35 Transverse Impact Modulator

In the direct impact modulator, Figure 3-36, when a concentric control
signal is applied, the momentum of the left supply jet is increased and
the impact region moves to the right. This results in increased output
flow and pressure and, since the output pressure increases with increased

control pressure, the device has positive gain.
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Figure 3-36 Direct Impact Modulator

Typical performance of the transverse impact modulator is full output flow
gain of 5 to 30, and no load pressure gain of 20 to 40. A characteristic -
curve is shown in Figure 3-37, Optimized four-stage cascades have given
pressure gains of about 12,000, which reduces the average pressure gain per
stage to about 10.5. This is necessary to insure output linearity and
proper interstage impedance matching.

The direct impact modulator is a significant improvement over the trans-
verse impact modulator. Pressure gains up to 200 have been reported for
this device, and the input impedance is variable and can be adjusted so as
to approach infinity. Unloaded frequency response is reportedly quite high,
300 to 400 cps; however, this has not been related to a particular ele-
ment size and response will decrease markedly when the element is loaded.
Signal to noise ratio information is not generally available for either

device, however, this ranges from 60 to 300.
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Figure 3-37 Transverse Impact Modulator Performance
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The difficulty of obtaining reproducible characteristics from one device
to another is one of the major obstacles to the development of the impact
modulators. This is primarily due to the three dimensional concentric
nozzle configurations, which are expensive to manufacture. Some effort is
being expended in developing a two dimensional version of the direct im-
pact modulator, however, even if this is successful, lower pressure gains
are expected. Although very attractive for proportional control applica-
tion, additional development is necessary before the true value of these

devices can be assessed.
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Passive Elements - Passive circuit elements are generally needed when

assembling fluidic elements in digital or analog circuits. Since passive
elements have been used in hydraulic and pneumatic circuitry for a long
time, their performance is well documented. The reader is referred to the
TRW Systems Group - AFRPL "Aerospace Fluid Component Designers' Handbook,"
Reference 3-5, for a good outline of fluid mechanics and for the static

and dynamic performance of passive elements.

Passive elements produce no gain, and consequently require no separate
power supply. Mass flow is considered analogous to current and pressure
analogous to voltage. A fluid impedance produces a pressure drop as a
function of the flow through it. Algebraic representation of the impedance

may be composed of either real or pure imaginary parts or both.

Simple orifices are generally used to provide a fluid resistance. When
orifices are used with low pressure gases or incompressible fluids, their
pressure-flow characteristics follow the square law relationship and hence
are nonlinear. Tube resistors fabricated from metal or glass capillaries
and porous plugs, can proVide essentially linear characteristics, but may
also have significant inductance. The primary problem with present laminar
fluid resistors is a narrow linear range, which must be carefully selected.
A wide range laminar resistor is definitely needed.

In a capacitor, the pressure drop lags the flow by a phase angle of 90
degrees. Ideally, only compressible fluids show capacitive effects, and
in low pressure designs capacitive effects on most liquids are neglected.
In circuits employing compressible fluids, the analog of the electrical
capacitor is simply a volume. Shunt capacitance is the only type that can
be obtained without moving parts. The series capacitance (i.e., coupling
capacitor) requires a diaphragm, or the same effect can be accomplished
fluidically by the use of differentiating circuits employing operational

amplifiers.

In an inductor, the pressure drop leads the flow by a phase angle of 90
degrees. An acceptable fluid inductor can be made from long tubes, however,

in most cases fluid inductance can be neglected with respect to resistance.
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Fluid diodes are used when a large impedance to flow in one direction

and little or no impedance to flow in the opposite direction is desired.
Telsa's valvular conduit was the first fluid diode, and the vortex diode is
one of the most widely used at present. In the vortex diode (Figure 3-38),
when flow is introduced into the center duct it follows a radial path to the
tangential duct, encountering small impedance. When an input flow is appli-
ed to the tangential duct, the flow establishes a vortex and follows a long
circular path before exiting through the center duct, thus encountering high
impedance. Optimized nonventing vortex diodes have been reported to have
front to back ratios (i.e., ratio of forward flow to reverse flow at con-
stant pressure) as high as 5. Vented vortex diodes are available with front
to back ratios as high as 20.
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Figure 3-38 Vortex Diode Performance
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Interface Elements - The ideal fluidic application is one where a single

fluid medium can be used for all control functions and the need to trans-
late information from one medium to another is eliminated. However, the
bulk of the present applications are of the hybrid variety in which inter-
face elements are required. Interface elements include the broad range of
sensors and transducers required in the applications where the input and/or
the output must be either electrical or mechanical. To date, very little
originil work has been done in this area, and most interface elements are

adaptations of commercially available hardware.

Electrical to fluid (E-F), transducers in general use are solenoid valves,
torque motor driven flapper valves (Figure 3-39), and a wide variety of
devices in which an electrical or mechanical signal produces a mechanical
movement of an element into the active area of a fluidic device. The
present trend is toward more compatible E-F transducers, i.e., those in
which an electrical signal is converted directly into a fluidic signal with
a minimm number or essentially no moving parts. An E-F transducer which
utilizes the basic principle of a speaker cone, in that a diaphragm is
oscillated in a closed chamber by a controller to induce pressure variations,
is shown in Figure 3-40. Experimental investigation of many other types
are in progress, including the switching of digital elements by electro-
phoresis, deflection of an ionized fluid, and spark discharge.

Many fluid to electrical (F-E) transducers are possible, and the most widely
used are a simple pressure switch, thermistor probes, and hot-film anemometers.
A proportional type cooled filament F-E transducer (Figure 3-41) consists of
two heater filaments or hot-films in the output ducts of a proportional ampli-
fier, connected in a bridge circuit. The bridge output voltage is then
proportional to the differential cooling of the two sensors. Another pro-
portional type F-E transducer utilizes a small differential semiconductor

or wire strain element mounted between the output legs of a proportional
amplifier (Figure 3-42). A transducer of this type, with a close coupled
strain element, will provide a sensitive and accurate output signal directly
proportional to the amplifier differential output pressure,
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Mechanical to fluidic (M-F) sensors are normally used to detect linear and
angular displacement. The flapper valve (Figure 3-43) is one of the most
widely used M-F transducers. Another M-F device is the interuptable jet
(Figure 3-44), which can detect the presence of a thread or wire, or the
edge of almost any material. For digital circuitry, standard punched cards

Or tapes can be used to interupt jets and provide complex programmed inputs.

Fluidic to mechanical transducers simply utilize the output of a fluidic
device to drive a bellows or diaphragm, which can be used to drive a variety
of devices. The output of fluidic devices are also used to directly position
the pilot valve of a power element,

Efficient and compatible interface elements are necessary to bridge the gap
between fluidic systems and other kinds of systems, primarily electrical and
mechanical. At present, required accuracies are achieved through the
utilization of less reliable mechanical components. Environmentally insen-
-sitive interface elements, preferably with no moving parts and specifically
designed for space application, are required.
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Component Fabrication and Materials

Fluidic devices can be made by a wide variety of manufacturing processes,
and in almost any type of rigid material. Techniques for the fabrication
of these devices are well known and not difficult. The most important
consideration is that the performance and characteristics of a fluidic
device are closely related to its geometric shape, so that in fabricating

fluidic devices intricate shapes must be held to precise dimensions.

The size of fluidic devices varies widely because of the many different
types and also because of the different uses for the same device. For
example, fluidic elements used as logic elements in aerospace applications
are miniaturized to minimize power consumption. Whereas, a similar device
used as a switch to divert flow in a pipeline is much larger. Because of
this wide diversity in the size, quantities involved, tolerances required,
and materials used, there is no singularly best fabrication technique for
fluidic devices. Manufacturing processes in common use include the cast-
ing, thermoforming, photoetching, and molding of plastics; chemical millihg,
photoetching, electrical discharge machining, electroforming, die casting,
and powder metallurgy of metals; and photoetching, ultrasonic machining and
electron beam machining of ceramics. This is by no means the end, but only

representative of the wide range of choices available.

Environmental tolerance required of a fluidic element is a consideration in
selecting a fabrication process, but more important is the choice of mat-
erial. Fluidic devices are subjected to both structural and hydraulic
forces, so that materials must have sufficient strength to withstand these
forces without undue distortion. Surface hardness of the material must
also be considered, particularly if the working fluid carries abrasive par-
ticles. Wear in stream interaction devices is critical in the nozzles, and
on the splitter. Other factors, such as operating temperature and compati-

bility with the working fluid, also enter into the selection.

Injection molding of thermoplastic material appears to offer the cheapest
method of fabricating large quantities of fluidic elements. However, these

elements are limited to operation at near room temperature conditions and
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with noncorrosive media. In industrial application, injection molded
devices should provide long term reliable operation, particularly in digital

systems.

There are several fabrication methods which are suitable for use in making

two dimensional elements for aerospace application, these include:

1. Compression Molding - This is perhaps the most economical
production method for manufacturing parts from thermosetting
materials. Tolerances can be held as close as required for
most fluidic elements. Fillers are used to add stiffness,
control shrinkage, and reduce the coefficient of thermal
expansion. Maximum operating temperature is about 400°F
for the best filled thermosetting plastic elements, and
filled epoxy elements are limited to about 300°F.

2. Photoetching Ceramics - This process was originally
developed by the Corning Glass Works to prepare substrates
for electronic circuits and has been adapted to the manu-
facture of fluidic elements. A high contrast negative is
placed upon a thin sheet of Fotoform glass, which is a
silicate glass containing a photosensitizing ingredient

such as the cesium radical, Ce+3.

In the presence of
ultraviolet light, the exposed glass absorbs the ultra-
violet radiation, creating a contact print in depth. The
glass is then heated to about 1200°F, so that colloidal
particles of crystallized lithium metasilicate are formed
in the exposed areas of the glass, which appear as a white
opal image. When the glass sheet is immersed in a hydro-
fluoric acid bath, the exposed areas dissolve 20 to 30 times
faster than the clear unexposed glass. Further processing
converts the Fotoform glass to a higher strength partially

crystalline material called Fotoceram.

The finished Fotoceram elements offer several important

advantages which are normally associated with ceramic
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material, i.e., high dimensional stability, low moisture
absorption, good shock resistance, and operating tempera-
tures approaching 1000°F. This process can produce intricate
two dimensional elements down to a nozzle width of .005 inch.
An important consideration in circuit fabrication, is that
both the Fotoform and Fotoceram plates can be thermally
laminated to form a monolithic structure.

3. Photoetching Metals - This process has recently become very
important in the manufacture of fluidic elements for aerospace
application. Essentially the process removes metal by the
chemical etching of preferentially exposed surfaces. The
process is presently limited to metal sheets of about .020
inch thick, since the dimensional tolerances that can be
achieved increase with increasing metal thicknesses. For a
.001 inch thickness of stainless steel channels can be cut
.005 inch wide with a tolerance of + .0005 inch or about
*+ 10 percent. Whereas tolerances jump to about + 40 percent
for a .005 inch thickness of the same material with the
same channel width.

In the fabrication of two dimensional fluidic elements,
several laminations of etched sheets are required to provide
the required aspect ratio. Photoetching can be used with the
following metals, in order of increasing difficulty: copper,
nickel, carbon steel, stainless steel, aluminum, titanium,
and molybdenum. Operating temperature depends primarily on
the metal used and/or the method used to seal the laminated

devices.

Many new methods are being considered for the fabrication of fluidic elements.
Techniques such as electron and laser beam machining may eventually make it
possible to pack 1000 fluidic elements in one cubic inch. Coining techniques
may soon make it possible to manufacture interconnected fluidic elements by
indexing a die and stamping in the right location. However, much work still
needs to be done in the sealing of fluidic elements, particularly those for
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use with high temperature working fluids. To date diffusion bonding and
furnace brazing have been used with moderate success in the sealing of
photoetched metal elements, but more efficient sealing methods are re-

quired if the inherent reliability of fluidic elements is to be maintained.

One way of overcoming the sealing problem is a ceramic molding process,
where a polystyrehe mold is made from a metal master. Ceramic is then
molded around the polystyrene and fired at about 2000°F. The polystyrene
is vaporized, leaving a one piece ceramic device. Although the process

is complex, it does eliminate the basic problem of sealing a two dimensional

element with a cover plate.
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Component Performance with Propellants

Gases - The gases commonly available in spacecraft include pressurants,
propellant boiloff, and combustion products. Any of these gases may be
used as a working fluid for fluidic devices. Particulate contamination
such as fine rust particles can cause detrimental erosion in elements,
particularly when in hydrogen and helium because of the high sonic velo-
cities. Ice crystals formed from impurities such as water vapor and car-
bon dioxide in the gases can clog orifices and filters. Normal care to
ensure that systems are clean and dry and the use of adequate filters will

obviate most problems.

Hydrogen, helium, and high temperature combustion products are extremely
difficult to seal and will leak through exceedingly small openings such as
are found in connectors and body seals. Under these conditions the erosive
effects of these gases can be quite significant. Boiloff gases from the
various propellants such as N204 and fluorine and combustion product gases,
may be corrosive and adequate provisions must be made to ensure materials
compatibility. Monopropellant hydrazine gas generator systems generate a
relatively clean gas and should find wide application in providing working

fluid for fluidic systems.

Liquid Propellants - The liquid propellants used for spacecraft propulsion

are classified as either earth storables, space storables, or hard cryo-
genics. In most cases more serious problems exist with liquid flow than
with gas, primarily because of the more stringent materials compatibility
and sealing problems. As with gases, the purity of the liquid flow media
must be maintained to avoid problems. Of particular significance is the
case of cryogenic fluids that may become contaminated with gases whose
freezing points are higher than the storage temperature of the cryogenic
fluid.

Fluidic elements can be successfully operated with any of the liquid pro-
pellants, however, the development of gaseous fluidic systems has progressed
much more rapidly than those which use liquids. There are several reasons
for this. Liquid operated fluidic elements tend to be an order of magnitude

slower than pneumatic elements because of fluid density, however, liquid
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elements are still fast enough for most applications. Many elements rely
on a laminar to turbulent transition which will occur when the Reynolds
number is high enough. Since the Reynolds number decreases as fluid vis-
cosity is increased, a more viscous fluid will require a much higher fluid
velocity to operate with the same degree of turbulence as it would with a

less viscous fluid.

Another problem is that whenever a viscous fluid passes around a sharp bend,
the fluid separates from the bend and a region of low pressure is formed
between the bend and the separated jet. In this low pressure region, a

vapor or gas pocket can form which affects the efficiency of the jet. When
the jet is directed into a receiver, the pressure recovery will be strongly
affected by the upstream bubble. The removal of entrapped gases from liquids
and the prevention of vapor formation are substantial problems which must

be considered in the design of liquid operated fluidic systems.

-

Gelled Propcllants - A liquid propellant which has been conditioned so that

it exhibits non-Newtonian properties is normally called a gel. For space-
craft propulsion the gels are classified into two types: nonmetalized and
metalized. In a nonmetalized gel the additives used to cause gelling
(carbon black, silica, etc.) do not normally modify the chemical character-
istics of the propellant, whereas a metalized gel is generally prepared with
propellant mixed with metal having an average particle size range of 5 to
50 microns and it has been necessary to gel the mixture in order to suspend
the metal in the propellant. The gels are characterized by thixotropic
properties, i.e. the viscosity decreases with increasing shear rate and
stress decreases with time at constant shear. As the gel flows through
lines and components, the shear becomes greater, the viscosity becomes less

and the gel behaves more like a low viscosity liquid.
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The properties of gelled propellants can present several problems in
fluidic devices. Pressure drops through lines and elements are larger
than those of comparable liquids and are unpredictable, i.e., the viscosity
keeps varying. Nozzles can cause evaporation of the liquid phase of the
gel, which leaves a solid matrix as a residue that can hinder and/or
restrict the flow. The abrasive 'action of metal particles can cause
erosion of nozzles and passages. The compatibility of gelled propellants
with the materials of construction is generally comparable to the base
liquid propellant.
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Component Functional Parameters

Temperature - The temperature range of interest is from -420°F to 2500°F.
Fluidic devices can be operated at any discrete temperature in this range,
limited only by the materials of construction. Digital elements can be
operated over broad temperature ranges, however, analog devices are quite
sensitive to temperature variation. This sensitivity is due to such things
as viscosity variations, sonic velocity changes, and orifice and nozzle size
variations due to thermal expansion or contraction. Differential circuits
are used to compensate for small temperature ranges, and temperature sensi-
tive gain changing networks are required for compensation over broad

temperature ranges.

Pressure - Operating pressure up to 5000 psi may be considered for fluidic
elements. The primary problems seen at high pressure levels are structural
strength and seals. The external or ambient pressures also must be consid-

-16 mm Hg in interplanetary space to about

ered since it can vary from 10
225 psia in the Venus atmosphere and several thousand psi in the Jupiter
atmosphere. Consequently the structural strength and seals of elements
must be made effective in both directions. Back pressure regulation or a
constant pressure dump source may be necessary if elements are required to

operate over a wide range of ambient or vent conditions.

Time Response - The response time of fluidic elements refers to the propa-

gation delay which occurs in digital elements when stimulated by a step
control signal of predetermined amplitude and the frequency at which the
output signal lags the control signal by 45 degrees for specified conditions
in an analogue element. Practical time responses with gases are presently
limited to about 1000 cps and should be extended to about 10,000 cps in a

few years.

Fluidic elements operated on liquid propellants tend to be an order of
magnitude slower than elements operated on gases because of fluid density.
Consequently, the time response of many fluidic elements decreases as
density increases as shown in Figure 3-45. The response times shown in the

figure are only approximate and should be used only as a rough idea of the
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comparative speed capability of fluidic elements. In addition, the figure

indicates that elements will operate faster as they are made smaller.

Power Requirements - Fluidic component operation requires a continuous flow-

ing supply of working fluid. In analogue control and digital circuitry the
individual component supplies can add up to a sizable power drain. This

power drain can be minimized by the use of efficient element geometries and
by miniaturization. Some elements can be made to operate with power jet
pressures of just a few inches of water, but then the increased susceptibility
to vibration and shock can become a problem. In general, fluidic elements
operated on low pressure high temperature gas is the right direction to take

when power needs to be conserved.

Operating Life - The actual required operating life of a fluidic element can

vary from a few cycles to several hundred thousand cycles depending on
mission requirements. Since there are no moving parts that can wear out, the
operating life of an element is not usually a problem. The most significant
effects on operafing 1ife are materials compatibility, Seals, erosive

action of the working fluid, and space environment.

Leakage - The primary concern here is the leakage in fluidic elements that

is not normally vented during operation. For a basic two dimensional fluidic
element sealed with a cover plate, consider the leakage paths across the seal
layer. In a cold gas or liquid system some leakage can be tolerated across
the seal without adversely affecting component performance. However, in a
hot gas system even minute leaks can cause severe erosion in the seal layer
which will soon develop into a severe leak and ultimate component malfunction.
Non-vented leakage of this type is generally hard to detect unless it is
external to the component vent ports. Manufacturing techniques and the
careful inspection of seals during component assembly are perhaps the best

methods of maintaining the integrity of the seals.

As in conventional fluid systems leakage can result in severe loss of pro-
pellants, may interfere with spacecraft experiments, can cause fire and/or

explosions, and in some cases toxicity hazards to personnel.
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Signal to Noise Ratio - Noise is defined as the peak-to-peak pressure

fluctuations on the signals of a fluidic device, so that in high gain
circuits the signal to noise ratio becomes a comparative measure of element
performance. Of primary concern are element geometry, method of fabrication,

and operating conditions.

There are several fluidic elements potentially capable of operating with
relatively high signal to noise ratio (>200). Some element geometries are
much noisier than others, however, these devices are generally of the digi-
tal variety. In particular, the turbulence amplifier is susceptible to
external vibration and shock, and the edgetone amplifier generates con-
siderable internal noise since the device is purposely designed unstable so

as to enhance switching speed.

Sterilization - Complete sterilization of all components on a spacecraft

may be necessary for planetary missions or fly by missions to the planets.
One method of sterilization involves a soak at temperatures up to 300°F for
60 hours, which is repeated for 6 cycles. A mixture of 12 percent ethylene
oxide and 88 percent Freon is also used in a spray for surface sterilization.
In a fluidic system, the materials of construction, the methods of fabrica-
tion and assembly, and the subsequent handling required must all be

considered.

Contamination - Fluidic elements can be designed to be contamination in-

sensitive by utilizing large nozzle widths (>.025 inch). For aerospace
application this is inconsistent with the normal requirements for low power
systems. Therefore, .005 inch to .010 inch nozzle widths are considered
more practical for gas systems with normal filtration and contamination
control during assembly. Estimates as to the smallest practical power
nozzle width for liquid operated systems range from .007 inch to .025 inch.
The decision as to width must be tempered by the required operational life

and the liquid or propellant properties.

Space Maintenance - The maintcnance of manned and unmanned spacecraft is a

requirement that will involve new designs, techniques, and procedures.
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Periodic service of unmanned satellites is envisioned in which rendezvous

and docking techniques are employed to permit personnel to effect the
necessary maintenance or repair. In-flight maintenance will be necessary
during space travel or in orbiting space stations, and major repairs may be
required on vehicles which have landed on the moon or other celestial bodies.

Fluidic elements will not be interchangeable, because integrated circuitry
will be employed in spacecraft applications. Maintenance or replacement
then must be considered on a subsystem basis. The problem then becomes
one of the usual difficulties which would be imposed on an astronaut who
must connect and disconnect conventional normal fittings or even specially
designed quick disconnect fittings. I
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Space Environments

The space environment is characterized by radiation, vacuum, zero gravity,

and meteoroids. Radiation in space includes the earth Van Allen belts,

solar flares, and interplanetary radiation. Considering that fluidic

elements can be fabricated from stainless steel and assembled by diffusion
bonding or molded in ceramics, radiation exposure is not a serious problem even

for spacecraft orbiting within the Van Allen belts.

Interplanetary space vacuum is characterized as a low density gas mixture
consisting primarily of hydrogen and helium at an estimated pressure of
10'l6mm of mercury. In this environment the primary problem would be the
sublimation and/or evaporation of the materials in fluidic elements.
Sublimation is negligible for most structural metals and generally the

lower the vapor pressure of the material the lower the rate of sublimation.
Cadmium and zinc have relatively high vapor pressures and should be avoided.
High molecular weight polymers such as Teflon are also very stable in space’
_vacuum, although a weight loss is commonly experienced due to outgassing of

contaminants such as absorbed gases, moisture, and solvents.

Zero gravity should not affect the performance of fluidic elements. However,
careful consideration should be given to low pressure liquid systems where
the wetability of the liquids on the element walls may affect performance.
It is generally believed that no significant effects on materials will be

encountered due to zero gravity conditions in space.

Meteoroidal hazards to fluidic elements and/or systems in space must be
considered and could possibly exert some influence on the system design.
Protective measures can be taken without imposing a high weight penalty.
Fluidic elements should be less susceptible to meteoroid damage than
components with moving mechanical parts, which could malfunction due to
deformation on the inner surfaces resulting from external meteoroidal

impingement.

3-92



COMPONENT APPLICATION CRITERIA

Rocket propulsion engines must operate reliably in a combination of environ-
ments including temperature, space vacuum, zero gravity, shock, vibration ar.
radiation (natural and/or produced by nuclear weapons). For many materials
and components, the combined effect of these environments is hard to pre-
dict, and it is difficult to test components in a simulated combined
environment to obtain design data. However, because of the inherent
simplicity and ruggedness of fluidic elements, fluidic components appear to

be more reliable than conventional counterparts.

The purpose of this section is to identify the technical problem areas and
the major propulsion application areas, and to classify the uses of fluidic
components. Standard criteria for evaluating engineering systems are
reviewed relative to the selection of fluidic components for propulsion

system use.

Technical Problem Areas

Prototype applications of fluidic rocket propulsion systems are increasing
rapidly, particularly when the operational environments and the reliability
requirements are severe. Progress to operational status has been delayed
by the normal technical problems involved in assembling a working system;
i.e., dynamic interaction, circuit noise, power consumption, power sources,
sensors, and instrumentation. In addition, there have been a number of
fabrication problems such as difficulty in sealing elements, physical
connections and interconnections, allowable tolerances on physical dimen-
sions, and manifolding. A major operational problem in propulsion systems

is that shutoff is required to prevent venting during long standby periods.

Response Time - Comparison of various published fluidic element switching

speeds is difficult because analytical techniques vary and a wide variety
of test conditions are involved which are not directly comparable. In
addition, the element size, the effect of connections and interconnecting
lines, loading, etc., must be taken into account. In general, response

time depends upon at least the following:
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1) The compressibility or compliance of the fluid

2) The displacement of fluid mass required to switch
the power jet

3) The flow which is entrained
4) The inertia of the jet to lateral deflections

5) The action of the vortex in the control region

Practical speed of response is currently limited to between 500 to 1000 cps.
Time response is improved by miniaturization, but must be degraded (elements
made larger) to maintain reliability.

Noise - The peak-to-peak amplitude of the pressure fluctuations in a fluidic
element is defined as noise. These pressure fluctuations can make the
discrimination of signals difficult and can result in erroneous outputs.

The magnitude of the noise problem depends upon the specific elements and
.the system application; ‘

Analog systems are generally more sensitive; consequently, signal-to-noise
ratios in these applications must be high. This is especially important in
staged amplifiers, where the noise in the output of the previous stage is
amplified along with the signal in each successive amplifier. High signal-
to-noise ratio is not quite as important for digital amplifiers where the
output is at one of two discrete levels, and as long as noise does not

exceed tolerable limits, the amplifier will still function properly.

Noise can be attributed to either external or internal factors as follows:

External Noise:

o Turbulence in the input power or control streams because
of environmental factors (i.e., vibration, shock, localized
radiation heating, etc.)

o Power supply fluctuations resulting from poor pressure
regulation or fluid impurities
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Internal Noise:

o Primarily dependent on geometry, method of fabrication
and operating condition

o Influenced by surface roughness, abrupt transitions,
sharp edges in a flow channel, edge-tone, impedance
mismatches, jet velocity, and operating frequency

o Also affected by downstream instabilities which are
propagated back through the element interaction region.

Power Consumption - Fluidic control or logic circuits can consume relatively

large amounts of power, depending on the application. For example, an air-
craft gas turbine ingests hundreds of pounds of air per second and compresses
it to 150 to 200 psi. With such a plentiful supply, the few cubic feet per
minute required by a sensor and control system becomes less important. On the
other hand, if high pressure stored gas is the only supply available for a

low duty cycle application, a miniaturized fluidic element would be a
significant power drain even with the gas throttled to a few psi, since
continuous power jet flows are required. Consequently, if long standby
periods occur, useful energy becomes a small part of the power supplied.

Power consumption can be reduced by:

o Efficient element geometries
0o Miniaturization

o Use of moving part components in the power
stages of high output systems

o Development of efficient fluidic shutoffs.

Operational Problems - Fluid filtration, power source performance, element

interchangeability, and system maintenance are the most frequently enountered
operational problems to date. Conventional filters have been found adequate
for most applications; however, in atmospherically vented circuits, care

must be taken to avoid the aspiration of contaminants from the environment.
The use of liquid propellants in the fluid circuits will offer other con-
siderations, such as propellant compatibility, rheopectic or thixotropic

behavior, and contamination of the environment. Many available power
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sources do not deliver a constant power supply, and component selections and
the circuit design must be made on this basis. tonventional pressure regu-
lators are the only answer for the present, but good fluidic pressure regu-
lators are expected in the future. Monopropellant gas generation systems

and closed-loop power supplies hold the answers for aerospace application.

Unless absolutely necessary, miniature devices with small nozzle dimensions

must be avoided to ensure low sensitivity to variations in operating

conditions, fabrication, and contamination. Many new fluidic

element designs are less sensitive to geometry variations, and manufacturing
techniques are also being improved constantly. Instrumentation is presently
inadequate; consequently, it is difficult to verify system performance and, more
important, to pinpoint malfunctions. Concentration on satisfying the need

for special purpose instrumentation should help; however, in the long runm,

the most promising solution is self-contained miniaturized instrumentation.

Analytical Techniques - Earlier development and a large percentage of the

current development of fluidic elements and systems were done on an empiri-
cal basis, although current macroscopic mathematical models (the statistical
averaging of fluid properties over relatively large regions) have provided
useful results. This reflects the difficulty of mathematically analyzing
steady-state device operation and the formidable problems encountered in
representing transient phenomena. Major efforts are underway in industry,
government agencies, and universities (notably MIT) to formulate and to
commit to practice the tools and techniques required to facilitate the

analytical design of fluidic components and systems.

The formulation of an analytical model is complicated by the fact that fluid
flow phenomena are very sensitive to several interrelated variables. For
example, wall attachment amplifier performance is influenced by many factors
which include Reynolds number, the ratio of control jet to power jet pressure,
several features of the element's geometry, size, surface roughness, and up-
stream and downstream loading. Then the complete solution of the model will
require the use of numerical analysis techniques and probably could be done

only by making some simplifying assumptions. Marked improvements in fluidic
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technology will result when there is a successful extension of the numerical
solutions of the fluid flow equations to a treatment of the jet-edge problems,
the optimization of device parameters, the solution of pressure and flow
transients, and the stability of a free jet in the presence of acoustic
disturbances.

System Design - All fluidic elements must overcome similar conditions for
their successful interconnection into circuits and systems. These include
the effects of nonlinearities and dynamics in active and passive circuit
elements and in connecting passageways, plus similar effects due to tempor-
ary and permanent instrumentation. Noise in supply lines and active element
power jets is also an important factor. Transient circuit instability can
result from any of these sources, and amplified noise can saturate analog
stages or switch digital elements, just as it will in electronic circuits.
Consequently, small changes in element and line geometries and/or surface

finish can also cause significant changes in performance.

Optimum system performance requires a compromise among gain, stability, and
speed of response. Each fluidic element must be carefully matched to its
load characteristic for good power transfer and to provide sufficient signal
power to drive successive stages. Besides providing maximum power transfer,
the matching of line and port impedance minimizes the reflection of waves

at the junctions of lines and ports. In general, it has been found practical
to work with fluidic element static pressure-flow curves, which are usually
nonlinear over wide ranges, but can be assumed linear for small swings

about a chosen operating point. These curves can also be used to represent

element dynamic characteristics up to about 400 cps.

Power supply regulation and reliability are necessary prerequisites to
proper system performance. Fluid supply lines should be smooth and sized
for sufficient capacity. If the flow area of supply lines and connectors

is too small, unobserved pressure drops can occur so that supply pressures
at individual element power nozzles will be less than specified. An even
more serious consequence of small flow areas is the increased possibility of

noise being generated from the resulting abrupt velocity changes.

3-97



In the design of analog systems:

1) Problems exist in matching component characteristics
because of the inherent sensitivity of analog devices.

2) Noise is a major problem, particularly in high gain
circuits where staging is required.

3) Most systems are directly proportional; i.e., the fluidic
elements operate at a frequency and output level dependent
on the input signal.

4) Carrier techniques are currently being applied to
minimize signal to noise problems in critical
applications.

Regarding digital system design:

1) More theoretical and experimental work has been done.

2) Vented digital elements are normally less sensitive to
noise and load conditions.

3) Vented digital circuits are in the most widespread use;
however a vented circuit is not the best choice where
maximum power is desired (such as in most aerospace
applications).

Propulsion Applications

For the purposes of classifying the uses of fluidic components, six major
propulsion subsystem categories have been defined with various sublevels
dependent upon the type of propellant used. Each of these areas involves
different accuracy, power, and reliability requirements and thus will provide
a basis for determining the best applications of fluidics technology. These

categories are as follows:
A. Ground Support Equipment
o Propellant handling
o Pressurant handling
B. Propellant Pressure Control
o Pressure regulation

Turbopump control
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Stored gas
0 Pressure relief
0 Gas generator control

Liquid
Solid

C. Primary Flow Control
o Thrust modulation
Cavitating venturi
Gas ingestion
Injector control
o Chamber pressure control
0 Mixture ratio control
0 Reactor control
D. Thrust Vector Control
E. Attitude Control/Stabilization
F. Flight Instrumentation

o Flow

Propellant
Pressurant

0 Transducers
Electro/Fluidic
Mechanical/Fluidic

The above areas represent extensive requirements for fluid control and
parameter monitoring. While other areas can undoubtedly be added, these

represent the primary interest for current fluidic applications.

The following types of propulsion engines are being considered in this study.
o Chemical

Liquid bipropellant
Liquid monopropellant
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Cold/Warm gas
Hybrids
Gels/slurries
o Nuclear (Interface with chemical)

o Electrical (Interface with chemical)

Due to the operating principles of fluidics which are based almost exclu-
sively on continuously flowing systems, the above areas should be evaluated

within the framework of potential mission phases. For the purposes of this

study, the following are considered to be the major phases:
o Prelaunch
o Launch
o Midcourse
o Orbital
o Reentry

o Planetary Landing

The above phases can be further subdivided , however, as discussed in a
subsequent section, the primary concern is the relationship between mission
time, subsystem duty cycle, and the operating environments. These factors
to a large degree, determine the limits of the use of fluidic components.

Standard Criteria

The most prominent potential improvements fluidic components offer are in
the size, weight, and reliability of systems where it is advantageous to
use a single fluid medium for all control functions and the need to trans-
late information from one medium to another is eliminated. In evaluating
systems, the ease or difficulty with which a mechanization concept meets a
particular requirement is reflected in these parameters (size, weight, and
reliability) which can be effectively compared. For example, a fluidic
vortex valve can be designed to operate in a 2000°F environment without
cooling. An electrically operated valve can also be made to operate in the

same 2000°F environment, but only with additional cooling devices which add
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to the size and weight and reduce the reliability of the valve. This means
that stability, response, and ambient temperature capability are not direct

items of comparison but are basic requirements for all components.

Standard criteria should be used in comparing fluidic elements and systems
with their currently used counterparts. While a number of factors are
involved in the evaluation, it is ultimately the cost or cost effectiveness
of the proposed item which determines its acceptance or rejection. Thus,
reliability, weight, performance, etc., are ultimately expressed in the cost
necessary to employ the system and obtain the desired return. The cost of
a program may be divided into conceptual development (acquisition) and

maintenance (operational) phases with the primary contributing factors being
the following:

0 System Weight
o System Performance

Accuracy
Repeatability
Power Consumption

o System Packaging

These criteria are thus being used to evaluate fluidic components and
subsystems for propulsion system use. In the case of fluidics, a decision
on its applicability to a particular use cannot be limited to a "yes' or
"no," but must also consider the particular hybrid use of a few elements in
conjunction with electromechanical, pneumomechanical, electrohydraulic ,and
other currently available components. The decision on the extent to which
fluidics can be used is heavily dependent upon the mission length and duty

cycle (on time/total mission time) as shown in the following sketch.

Fluidic
i d
3 g J/ Hybrid - =
>.¢3 —
o% // - Mission Time
> § / ~ (Vehicle/Propulsion Package)
& 5 k — Conventional
>
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The dividing lines between the regions shown above will be flexible from
system-to-system and dependent upon the cost factors previously described.
System weight is the major factor in defining these regions while reliability
is the deciding factor where a final selection is not clearcut. An attempt
therefore will be made to establish wherever possible the operational

regions for each subsystem previously described.

Typical Subsystem

One fluidic application will be in the area of hot gas or monopropellant
attitude control systems which work from solid or liquid gas generator
systems. This would, for example, be the case where a high chamber pressure,
high thrust main engine is used plus low thrust attitude control engines.

The attitude control engines might be of the hydrazine monopropellant or

hot gas type while the main engine is a liquid bipropellant.

Consider the attitude control system as an example in determining a means of
comparing a fluidic to a conventional system. Regulated gas is supplied at
1400 psia to each system (Figure 3-46) and the following requirements are

presumed:

Chamber Pressure (Pc)

75 psia

Thrust (F) 10 1bs

150 seconds

Specific Impulse (Isp)

Engine Flowrate (W4) 0.067 1lbs/sec

It is further assumed that the secondary pressure regulator, shown in
Figure 3-46, can be either mechanical or fluidic and thus dictates whether
this subsystem is pure fluidic or hybrid. When no signal (engine off) is
received from the guidance system, the vortex valve control pressure

(P4) minimizes power flow which is dumped as ﬁs or used to augment main
thrust. When an "on" signal (P7 = 140 psia) is received, the power
amplifier control pressure (Ps) switches power flow (W4) to the thruster at
a maximum flow rate. For purposes of sizing a fluidic system, conservative
pressure recovery factors were assumed and the guidance signal input (P7)
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was assumed to be of the same gas composition. This "on-off' characteristic
can be provided using an electrofluidic transducer or even through the use
of a fluidic guidance system. The electrofluidic transducers can be based

on the electrostatic phenomena also being evaluated under this program.

P, w
Pressure 3oitex 3’74
Regulator alve
P, w w
D— {0y .
N, NS L/
P4, ﬁs Power
Amplifier
. P., w.
Guidance L %7, % ( ' 6
’ Logic
Signal I Amplifier :
Fluidic
sttem
Pressure Solenoid
Regulator Valve

3 X

Guidance Valve
Conventional Signal Driver
sttem

Figure 3-46 Fluidic Vs. Conventional Attitude Control System
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The pressure recovery of the vortex valve is approximately 50 percent:
P2/P 6 = 0.5 1)

The pressure recovery of the power amplifier is approximately 70 percent:

_P:,’/P2 = 0.7 (2)

The pressure recovery of the logic amplifier is also 70 percent:

PPy = P./P; = 0.7 (3)
The ratio of total flow to control flow through the bistable amplifier

when the engine is firing is about 20:1.

ws/w6 = 0.05 (4)
When the engine is turned off, the ratio of total flow to control flow

through the vortex valve is about 1.1:1.
ws/w2 = 0.9 (5)

Using these basic relationships, the operating characteristics (pressure
and flow) of the fluid system controller can be determined as presented
in Table 3-V.

Table 3-V
Fluidic Attitude Control System Parameters
Py o]
| (peia) ON OFF (1os/sec), ON OFF
Py 1400 1450 vy .0638 .000638
Pp 250 25 Vo .0638 .00638
Py 175 0 "ri 0 1 .00638
Py, o ' 980 W, .067 0
Ps 17.5 0 @5 0 .005Tk
Pg 490 490 Vg .0032 o)
Pq 140 o vir .0030k4 0057k
P, 5 0 vg .00016 0
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The propellant consumption for the fluidic and electromechanical systems
can be compared on the basis of duty cycle (#) and mission time (T) with
the former having the higher level as expected. The fluidic propellant
consumption is given by Equation (6) and the solenoid valve system by
Equation (7).

pr = [w4¢ +wg (1 - ¢)]T (6)
wp; = gw,T (7)

The total system weight must also include the pressure regulator and the
vortex and monostable amplifiers for the fluidic system and the pressure
regulator, relief valve, valve driver and solenoid valve for the standard
system. Assuming a fluidic system weight of 0.25 1b and a conventional
system weight of 1.35 1b, eliminating the weight of the pressure regulator
which is equal in both cases (a fluidic regulator could, however, be lighter)
the total weights of the two systems can be compared for various duty cycles
(Figure 3-47). The equivalent duty cycle (@) versus mission time (T) curve
based on a weight comparison only is presented in Figure 3-48. The two

areas represent minimum system weights respectively. Again, the actual

selection would also have to involve the other cost factors.

This type of analysis can be useful in evaluating the applicability of
fluidic systems. "towever, the analysis is only as good as the assumptions
made. Before continuing the analysis, the current state-of-the-art
performance capabilities of fluidic components must be determined. In
addition,fluidic systems should be designed so as to minimize system dry
weight as well as power consumption. New concepts and/or components will

be considered in an effort to optimize the fluidic system.

In examining Figure 3-48, it becomes apparent that in many cases a supply
shutoff capability should extend the application of fluidic systems to
longer mission times at the smaller duty cycles. Reliable shutoff concepts
directly applicable to fluidic systems are also being studied under this
task.
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CONCEPTUAL STUDIES

The objectives of these studies are to describe fluidic concepts which have
potential application to propulsion control systems and to evaluate these
concepts both analytically and experimentally. A further objective is the
evaluation of new concepts, particularly those related to propellant

pressure and flow regulation, pressure regulation, and shutoff functionms.

Fluidic Pressure References

Precise reference pressure signals should have a variety of uses in space-
craft power systems. The primary uses are seen as set points for fluidic
pressure regulators, reference signals for fluidic controllers, and a
necessary prerequisite to accurate time delays in sequential fluidic

circuits.

Nonlinear versus Linear Resistors - Given two orifices in series,

\ 4
PZ’ TZ = Tl Pambient

W
A A

if the second orifice is choked, the pressure ratio across the first orifice

is independent of supply pressure and temperature for adiabatic flow, i.e.,

. K, P P K, P
. MR ]( (_g) P -
N P, NT

2 f (2)
2 2
=~ = X =<
’ (9)
P1 P

where K; l(1 and K2 are constants and f ( ) indicates
a function of.
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Therefore the operating point pressure ratio is given by the point of
intersection of two curves, and is independent of supply pressure and

temperature as shown in Figure 3-49:
P

~

= QOperating Point

o\ e f )

/P 1.0 P
2 . 3 2
( /91) Critical /Pl

Figure 3-49 Illustration of Operating Point Pressure Ratio

Consider the following laminar resistor (linear) and fixed orifice (non-

linear) circuit configuration.

A
| AA AN D) hd
P2 —— "
SIS SIS A
Pl’ ’l‘1
B
W w ,
P3 — Wy, V,
A A

Figure 3-50 Laminar vs Orifice Restrictor Circuit Configuration
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Assuming orifices A and B are of equal area and choked, 15'3 = C1P1 by

above, however, for laminar flow and small values of (P1 - Pz)/P1

P, - P, =
! 2 2gdR, P1
and
m =
CnTy
NOTE: C,, C,, C;, etc., are constants.
For gases, the viscosity p may be approximated by
* a
s = ug (—) =T
0
Therefore,

where a is a constant and in the range 0< a<l.

Py (P) - Py 5 P2

T;l = = ——
1 (a+l)
C4 'I'1 \’Tl
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which can be rearranged to

p 2
P2~ T
o+
PreCaC Ty
Now, since P3 = Cl P1
1
P, -P, =
2773 @172y 6| B
1+C,CgT,
A

For a fixed Tl’ a graph of Equation (15) would be represented by
(Figure 3-51):

Figure 3-51 Graph of Laminar vs Orifice Restrictor AP
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It can be seen that in the region D the inverse function of Equation (15) is
single valued and P2 - P3 can be used as a measure of Pl' If the resistors

and orifices A and B are sized so the Pl is the desired reference pressure,

then P2 - P, can be applied across the control ports of a beam deflection

3
proportional amplifier as an error signal (Figure 3-52).

YA
Yool

| T
P, : A{‘ AP°~(P-1';)
- 1K

emm—— ’ —

Figure 3-52 Laminar vs Orifice Restrictor Pressure Reference

The more general technique is to use the difference in momentum flux of the

flow rates ml and mz as the error signal by applying these flows directly

to the control ports of a proportional amplifier as shown in Figure 3-53.
Then,
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Figure 3-53 Characteristics of Linear-Nonlinear Resistors

As a Pressure Reference
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and if the orifices are sized so that ml 3 mz at the desired reference

pressure Pl,

2
2 Jfrl— (17)

for small perturbations about the set point. Therefore, Equation (16)

becomes (where PIz = pressure in the proportional amplifier interaction

zone)
. . cs 1 - P 2
MmY1-B Ve c 1. @Iy Sl
Pz 1,241 (18)
Cs
Pl

which hds the same behavior as the function showﬁ in Equation (15) in the
neighborhood of ﬁl and consequently the same conclusions hold.

For a constant upstream pressure, the AP across a laminar restrictor is
directly proportional to the absolute temperature and the AP across an
orifice is inversely proportional to the absolute temperature. Consequently,
the desired reference pressure will change with variations in fluid tempera-
ture, and temperature compensation becomes an important consideration when
utilizing a linear restrictor versus a nonlinear orifice as a pressure
reference. Several methods have been proposed, which entail compensation of
either resistor by adjustment of the resistance as a function of temperature.
One scheme utilizes the differential expansion of a contoured needle in an
orifice to perform the required compensation. A detailed analysis of all
possible methods of compensation is required before this reference scheme

would be considered practical.
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Fluidic Oscillator Reference - Fluidic oscillators offer a means of achiev-

ing precision pressure references. In a fluidic regulator the reference
frequency would represent the regulator set point. Its output is then
compared with a feedback signal whose frequency represents the analog
pressure output of the regulator, i.e., the output could be fed back through
a. pressure controlled oscillator, so as to generate a frequency signal
indicative of the output. This feedback signal and the reference oscillator
signal are then compared, and an error signal representing their difference
is generated.

Pressure
Frequenc
Reference quency Controlled
. Detection
Oscillator Feedback
Network .
Oscillator

l

Error Signal

The reference oscillator must be made to oscillate at a constant frequency
for wide variations in supply fluid temperature and pressure. Theoretical
analysis and experimentation have been performed (Reference 3-6), on
temperature insensitive oscillators using distributed parameter and lumped
RC feedback ducts. Preliminary results have indicated oscillator accuracies

of + 1 percent over a 200°F temperature range.

Although the speed of sound in free space is proportional to the square
root of the absolute temperature, the complex speed of propagation of a
wave in a duct is a function of the distributed inertance, capacitance,
and resistance. The magnitude of the complex speed of propagation, in a
duct of constant cross section, for small amplitude waves is given
approximately by

S
[

I

Nl &

|c| = (19)

[
+
l—,z

N

€
-
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and for a circular duct on the basis of the ideal gas law

4
3/2
|C|4 1 a, T / (20)
= == ¢+
TZ u@ A2 p2

where a, and a, are constants, and

= complex speed of wave propagation
= free speed of sound

= temperature

resistance per unit length of duct
= angular frequency

= inertance per unit length

v e € ™ A3 > 0
H

= pressure

An examination of Equation (20) shows that for T = O and for Teee, Ic| = 0.
Therefore, |C| has a maximum value at some discrete temperature and should
be less sensitive to temperature in the vicinity of the maximum. An im-
portant point is that temperature insensitivity in an oscillator is gained
at the expense of pressure sensitivity. This is determined from Equation
(20) which shows that for large A, the speed of propagation becomes less

sensitive to the pressure.

Considerable effort needs to be expended in the development of fluidic
oscillators. The requirements of a reference oscillator are quite strin-
gent, in that it needs to be both pressure and temperature insensitive.
However, the right course of action appears to be the optimization of a
temperature insensitive oscillator through the use of the inherent charac-
teristics of distributed parameter and lumped RC feedback ducts, then to
correct for pressure sensitivity by the use of a pressure controlled

oscillator and a frequency discrimination network.
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Tuning Fork Fluidic Oscillator - A precision oscillator has been developed

recently (Reference 3-7), which consists of a temperature compensated tuning
fork, a load insensitive fluidic flip-flop, control transmission lines, and
a feedback transmission line. This device has a frequency accuracy of +.002
percent at room temperature and + .05 percent over a temperature range of
-35°F to 200°F when operated at 400 cps. Although hybrid in nature, this
tuning fork oscillator offers the possibility of such an extremely accurate

frequency reference that it cannot be overlooked.

Operation of the oscillator is illustrated in Figure 3-54. The supply
stream emerges from an aperature in one tine (control) of a tuning fork,
and is alternately switched to the two downstream channels as the control
tine oscillates. The two downstream channels are used as the control inputs
to a load-insensitive flip-flop, which oscillates accordingly. The fluid
pulse train emerging from one output channel is fed back and impinged on
the other tine of the tuning fork, which maintains oscillation of the fork
at its natural frequency. The other flip-flop output channel is used as
the output signal. Since the device uses the air pulse only to apply
sufficient energy to the tuning fork to sustain oscillation, the oscillator
is considerably less sensitive to variations in the speed of sound due to
temperature changes which compromise the accuracy of a typical fluidic
sonic oscillator.

The tuning fork is a high Q device, i.e, it loses a minimum of energy due
to damping and mounting effects, and it can be driven with relatively low
power inputs. Temperature compensation of the tuning fork can be accom-
plished by special alloys, heat treatment, or bimetal construction. The
trend should be to small high frequency forks, since higher frequencies
result in smaller amplitudes and better accuracy and also minimize the

effects of acceleration and vibration.

Fluidic Pressure Regulation

A pressure regulator is defined as a component, or valve, that controls
pressure by varying flow as a function of the sensed difference between

the actual and the desired value of pressure. In spacecraft systems, the
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Figure 3-54 Fluidic Tuning Fork Oscillator
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term pressure regulator is generally accepted as meaning any device which
maintains a predetermined upstream, downstream, or differential pressure
by means of a pressure reducing control element. The most common appli-
cations are to provide a constant pneumatic pressure in a liquid storage

tank for direct expulsion or to maintain pump suction head requirements.

Since gas is more efficiently stored in pressure vessels at high pressure
(3000 psig or greater), the pressure reducing regulator is the most common
type used in spacecraft systems. Pressure reducing regulators reduce
upstream pressure to a predetermined downstream pressure regardless of
upstream pressure variations and can be classified as modulating or non-
modulating. A modulating pressure regulator can achieve any steady-state
flow rate necessary to maintain a constant regulated pressure, and con-
sequently is the most common. A nonmodulating regulator is simply a two-
position device which is often referred to as a '"bang-bang" regulator. A
solenoid valve operated by a pressure switch would be an elementary non-
modulating regulator.

The temperature extremes normally encountered in spacecraft applications
change regulator set points by thermal contraction or expansion. In
spring loaded regulators, simple compensation is accomplished by insulating
or caging the reference spring. However, it is a complex problem to
accurately predict and/or accurately determine the exposure to changes in
temperature, so that complex thermal compensators are the general solution.
Vibration poses one of the most difficult design problems since poppets,
springs,and bellows are particularly susceptible. Acceleration require-
ments for spacecraft vehicles also impose severe g-loads along any axis,

so that compensation is necessary to accurately maintain the regulator

set point.

A fluidic pressure regulator should be simpler and have few, if any,
moving parts. Consequently, longer storage life, higher reliability, and
greater environmental tolerance should result. Improvements in size,

weight, and cost are also possible. These are excellent reasons for
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investigating the state-of-the-art of fluidic pressure regulators, and

for considering their future application in spacecraft systems.

Throttligngethods - A vortex valve exhibits a variable and controlled

impedance. The impedance is produced by a combination of the pressure-flow
characteristics of orifices and the radial pressure distribution in vortex
flow; the variable impedance is induced by control of the tangential
velocity of the vortex field,

An elementary vortex valve configuration is shown in Figure 3-19. With no
control flow present, the supply flow enters the vortex chamber and pro-
ceeds radially inward toward the outlet orifice. Since the supply port is
generally much larger than the outlet orifice, the flow through the vortex
valve is determined by the supply pressure, outlet pressure, and the outlet
orifice area. Therefore, presuming the outlet orifice is choked, the

outlet flow is determined by

. 2
m = 0.49 C4A P /ﬁ-

When control flow is injected tangentially into the vortex chamber, a
rotational component is imparted to the supply flow. The ensuing vortex
field creates a radial pressure gradient which reduces the pressure at
the outlet orifice, and thus reduces the outlet flow. The turndown ratio
of the vortex valve is defined as

Turndown ratio = mo (Pc s Ps)

m (

o =0) PS = Constant

s
Present state-of-the-art vortex valve performance is summarized in

Table 3-1V, along with expected performance gains in the next five years.

The static performance characteristics of one of the best available single
exit vortex valves is conveniently represented by the family of curves
shown in Figure 3-22. This particular valve was considered for use in a

fluidic pressure regulator for a fluidic missile control system. The
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function of the regulator was to deliver a constant pressure of 15 psig to
a fixed orifice load, from a stored nitrogen supply. The minimum supply
pressure was specified at 100 psig. From Figure 3-22, it can be seen that
the valve will deliver the required output pressure P0 for supply pres-
sures Ps between 650 and 150 psig. The absolute supply pressure ratio
665/165 = 4.0 is the same as the turndown evaluated at Ps = 650 psig, which
is (103 + 15)/30 = 3.94. It is obvious that for higher supply pressures,
the control pressure at turndown would be higher than the required 15 psig
regulated pressure. The control to supply pressure ratio, Pc/Ps’ at turn-
down is 750/650 = 1.15.

An optimized double exit vortex valve will presently give a turndown ratio
of 8 for a Pc/Ps ratio of 1.2. This should increase to about 10 in the
next five years. It is impractical to use a fixed area orifice to drop
the vortex valve supply pressure below the storage tank pressure to obtain
the necessary Pc/Ps ratio. This is the case because the pressure dropping
orifice becomes sonic during tank blowdown and consequently can not be
controlled by the downstream vortex valve even for ; slight decrease of

the tank pressure.

It has been shown (Reference 3-8) that staging of vortex valves, will give
no improvement in turndown, i.e., the overall turndown ratio of two series
connected valves (Figure 3-55) will in general be less than the turndown
ratios of the individual valves. The primary reason for this is that it
would be impossible to operate vortex valve B in a fully turned down con-
dition, since provision must be made for the control flow from valve A

when it is in a turned down condition.

Another method of cascading vortex elements is to use a vortex amplifier
as a pilot valve which feeds the control and supply ports of a second
valve (Figure 3-56). The pilot valve pickoff converts the vortex valve
into an amplifier. The differential pressure range between the two pick-
off exits then changes much more rapidly than the control pressure, and
the central pickoff sees up to 98 percent of the supply pressure with no

control flow and almost zero pressure when the pilot valve is turned down.
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This arrangement should give an overall turndown ratio of from 10 to 20

percent better than for that of a single vortex valve.

The vortex devices discussed previously are characteristic of methods of
throttling flow without overboard bleeds. Proportional and bistable amp-
lifiers can also be used as throttling devices, however, these devices
must be operated with two output legs, one tied to the regulated load and
the other dumped to atmosphere. Consequently, the throttle not only must
live with the relatively low power recovery of the amplifiers (about 50
percent), but must also dump flow continuously in the regulation mode.

For a blowdown source and a variable load, these power losses may preclude

acceptable regulation efficiencies.

Pressure Reference Methods - The deviation of the regulated pressure from

the desired value or set point, must be sensed in a high gain circuit so

as to provide a feedback signal which can be used to control the throttling
element. A pressure reference may require separate devices for its func-
_tion alone, or the reference can sometimes be an intrinsic part of the
feedback circuit. '

The most widely used pneumatic pressure reference, which was discussed
previously, utilizes the difference in the characteristics of a nonlinear
and a linear resistor (Figure 3-53). When the regulated pressure is as
desired, the control inputs to the amplifier will be identical and the
differential output pressure,lAPo, will be zero. If the regulated pressure
becomes higher or lower than the set point, there will be a differential
output from the amplifier which can be integrated and further amplified in
a feedback circuit to adjust the throttling element accordingly.

Another method of detecting shifts in a reference circuit, is to use the
pneumatic flow characteristics of a series of equal area orifices. It has
been shown (Reference 3-8) that if a series of n orifices is flowed in
parallel with a single orifice, the relative quantities of flow in each
branch will be a function of the pressure ratio across them. The changes
in flow in the two branches can be detected if the branches are in the

supply and control lines of a vortex pressure amplifier as shown in
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Figure 3-57. One restriction of this reference scheme is that the vent
orifice of the vortex pressure amplifier must not be sonic, otherwise
its pressure ratio will be effectively independent of changes in the

regulated pressure.

Another possible reference scheme is to utilize the output of a pressure
controlled fluidic oscillator. A tuned cavity such as a Helmholt:z
resonator can be used to detect the correct reference pressure, and an
optimalizing feedback circuit can be used to adjust the throttle. The
current state-of-the-art of fluidics is far enough advanced, to permit

implementation of a circuit of this type.

The primary problem with all of the pressure reference schemes indicated
is temperature sensitivity. Very little effort has been expended to date
in the area of temperature compensation, and a concentrated effort should
be made to come up with a temperature compensated absolute pressure
reference. In particular, fluidic oscillators have been compensated
(Reference 3-6) over a wide temperature range by using a distributed

parameter feedback duct.

Feedback Methods - These are defined as the circuits that are used to

generate signals which are used to control the throttling elements as a
function of the deviation of the output pressure from the set pressure.
Although the term regulator implies the use of feedback, the requirements
of a nonmodulating regulator can be met by programming the effective
area of the throttling element as a function of the tank pressure. How-
ever, the anticipated future regulator requirements for space systems

point to variable load conditions which require closed-loop control.

The vented jet amplifier utilizes the properties of a freely expanding jet
impinging'on a receiver (Figure 3-28). By confining the jet, and control-
ling the vent rate of gas from the chamber, useful amplification is
achieved. In this device a high pressure source is controlled by a low
pressure source. By varying the geometry and spacing of the nozzle and
the receiver, several gain characteristics can be obtained. Supply

3-124



REGULATED PRESSURE

f

SINGLE MULTIPLE
ORIPICE ORIFICE
BRANCH .’h" BRANCH

S

NON-SONIC

VENT Q

'

PRESSURE REFERENCE

Figure 3-57 Single Versus Multiple Orifice Bridge

3-125



pressures are normally controlled by vent to supply pressure ratios,
Pv/ps’ of 0.1 to 0.3, with maximum output flow and pressure recoveries

on the order of 70 to 90 percent.

Typical performance of a vented jet amplifier with a fixed area load is
shown in Figure 3-30. An interesting and useful property of the vented
jet is shown in the figure, i.e., if the vent pressure is held at about
50 psig, the output pressure is practically independent of the supply

pressure in the range from 250 to 500 psig.

The vented jet amplifier is particularly useful in controlling a vortex
throttling element because of its high pressure recovery (>70 percent)
when supplying a flowing load. A single-stage feedback amplifier is
formed by using a vortex valve to control the vent pressure of the vented
jet as shown in Figure 3-58. The use of positive feedback increases the
output pressure recovery and reduces the control pressure required to de-

liver the maximum output pressure.

Stream interaction proportional amplifiers can be interconnected in analog
circuits to generate feedback signals. Passive devices are used in these
circuits to provide resistive, capacitive, and inductive characteristics.
Analog lead-lag, lag-lead, and integration circuits have been successfully

fabricated for several applications.

Vortex Regulation Concepts

The vortex valve is the only presently known fluidic device that is

capable of throttling flow with acceptable efficiency. However, a major
disadvantage is that the vortex valve requires a source of control pressure
higher than the supply pressure. Installation of a series orifice in the
supply line to obtain the necessary Pc/Ps ratio for control is not practi-
cal, since flow turndown will occur only after the orifice becomes sub-
sonic. The following regulator designs are presented as representative

of the state-of-the-art efforts in pressure regulation using vortex

elements.
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Dual Volume Regulation System - One of the simplest vortex regulation

concepts would be to store part of the gas at higher pressure for control
purposes (Figure 3-59). If the low pressure supply is at 2000 psig, the
control pressure required for supply pressure cutoff would be about 2400
psig. Then if the feedback circuit can deliver a control pressure up to
about 80 percent of the high pressure supply, the high pressure supply
should be at about 3000 psig. Under these conditions, a dual exit vortex
valve with a turndown ratio of 10, would provide a throttling range from
2000 to 200 psig. A further increase in the throttling range should be
possible by using the vortex amplifier piloted vortex valve concept dis-

cussed earlier.

The necessity of having to store pressurizing gas at two different levels
must be considered a disadvantage, since the trend has been for gas storage
bottle pressures to increase, particularly in military and aeronautical
applications. Theoretically, it can be shown that the weights of single
compartment spherical pressure vessels and cylindrical vessels with
spherical ends are independent of the storage pressure. However, storage
volume decreases inversely as the initial storage pressure, and ullage is
also reduced. Another problem, is the possibility of leakage disturbing
the required balance between the weights of gas stored in the two volumes.
One possible approach to a dual compartment pressure vessel (Reference
3-9), is to use a high pressure vessel installed within a low pressure
vessel such that the pressure in the low pressure vessel supports the wall

of the high pressure level.

Lag Circuit Regulator - This regulation concept (Figure 3-60) uses a

conventional vortex valve and a double delay or lag circuit to control
pressure. When the squib valve is opened, fluid flows through the fixed

orifices, A, and Az,and starts to charge the two volumes., Area A, is made

1 2

larger than A, so that volume V, charges faster than V,, which provides
control pressure to the confined jet amplifier first, which in turn con-
trols the vortex valve. Initially as the pressure in V1 is low, the vor-

tex valve is almost completely open. As the pressure in V, increases, the

1
vortex valve is completely turned down by the confined jet amplifier, so
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that regulated flow is supplied to the load primarily through the vortex
valve control port. After V1 reaches its peak, it will then decay with
the storage bottle pressure. Subsequently, when the storage pressure is
considerably reduced, the vortex valve will reopen to provide a lower
pressure drop path from the supply to the load. The vent of the confined
jet amplifier is controlled by the load pressure, which adjusts the out-

put of the confined jet so as to keep the load pressure constant.

This type regulator is capable of operating over a 20 to 1 turndown
range, however, it is limited to fixed area loads. Another drawback is
that volume V, must be considerably larger than the stored volume, and

1
consequently this design is impractical where space is at a premium.

Hybrid Regulator - It becomes obvious, that one approach which avoids the

limitations imposed by a single storage tank is to use a variable area as
the primary pressure dropping element. The variable area, which must be
mechanically positioned, departs from the stated goal of having a pure
fluid system with no moving parts. However, the concept appears to repre-
sent a practical means of obtaining a high turndown range with a minimum
of moving parts and still retaining the other desirable features of a

pure fluid system.

A typical hybrid regulator is shown in Figure 3-61. Tank pressure is
dropped to a nearly constant supply by the variable mechanical orifice,
which essentially increases in area as tank pressure decreases. The
vented jet amplifier can then easily adjust the turndown of the vortex
valve to accurately regulate the load pressure. This is possible because
the effective turndown requirements of the vortex valve are drastically

reduced by the variable mechanical orifice.

This type regulator should be capable of operating over an effective
turndown range of 20 to 30 to 1. With careful design, the variable area
orifice can be made extremely reliable, therefore this hybrid regulator
can be effectively used until the state-of-the-art evolves an acceptable

pure fluid regulator.

3-131



SUPPLY

Ej/_é(ég/ﬁl F//////a

————————
VENTED
JET |
i
VORTEX
VALVE
LOAD

Figure 3-61 Hybrid Regulator Scheme

3-132



Proportional Pressure Control System

A schematic of a fluidic feedback system which can be used as a pressure
regulator is shown in Figure 3-62. The set point pressure is obtained by
connecting the regulated pressure to the supply and the controls of a
proportional fluid amplifier. A linear capillary resistor is inserted in
one control leg and a nonlinear orifice restrictor in the other. The
values of these resistors are adjusted so that the amplifier is zero

(at null) at the desired regulated pressure. The differential output of
the set point amplifier is fed into a bootstrap integrator, i.e., a
proportional amplifier with positive feedback resistors which are adjusted
to provide an integrating operation. The output of the integrator is then
connected to the control ports of a proportional power amplifier. Regu-
lated fluid is supplied to the load through one output leg of the power
amplifier, and proportionally dumps to atmosphere through the other output
leg when the load flow demand is decreased. The unregulated pressure
source usually is used to supply the power jet of the power amplifier and

the other amplifiers are powered from the regulated source.

This type regulator has extremely low power efficiency (25 to 50 percent),
because of. the venting nature of proportional amplifiers and the fact that
it vents to atmosphere to maintain the regulated pressure during low de-
mand periods. However, because of the bootstrap integrator, extremely
fine pressure regulation is possible depending on the accuracy and gain of
the pressure reference. One possible improvement is the use of the
proportional set point and integration circuits to drive a vented jet

controlled vortex valve.

New Regulator Concepts

Vented Jet-Vortex Valve Regulator - A possible method of utilizing a
vented jet as a regulator is shown in Figure 3-63. This device consists

of an in-line vented jet with the vent cavity controlled by a vortex valve.
The nozzle to receiver spacing of the vented jet should be close (less than
0.6 times the nozzle diameter) and the diffuser section of the receiver

should be carefully designed for good pressure recovery.
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The operation of the device depends on the fact that at any supply pressure
Ps there exists a region of operation in which output flow mo and vent
pressure Pv can be varied significantly while maintaining almost 100 per-
cent pressure recovery (i.e., Pox Ps). A vortex valve is used to control
the vent flow and pressure in such a manner as to extend the limits of this
high recovery region beyond those obtainable with vent flow flowing through
a fixed orifice. For example, as a pressure regulator with fixed supply

flow ms operation is as follows:

Because ms is fixed and nozzles A and B are choked (at sonic velocity), the
supply pressure PS and the vortex valve control flow mc are fixed. If it
is then assumed that the vented jet is initially operating in the high re-
covery region (P°==Ps), should the load impedance decrease, the output flow
mo increases and the vent pressure Pv decreases. However, because of the
fixed control flow mc the vortex valve presents a higher impedance to vent
flow at low values of P, than at high values. Actually if Pv drops below

a certain critical value, the vortex valve goes into complete turndown and
vent flow becomes zero. Therefore, the vortex valve retards the decrease
in vent pressure and maintains vented jet operation in the high pressure

recovery regime for a broadband of output flows.

As the output impedance increases, the critical point occurs when nozzle B
(Figure 3-63) unchokes, after which a further increase in load impedance
will affect the flow source. In this case, however, the vortex valve tends
to retard the increase in vent pressure, and actually allows lower output
flows (even backflow) before nozzle B unchokes.

This device has very low output impedance, constant input impedance, and
high pressure recovery. As such, it is a fluidic analog of a cathode
follower stage. In general, the device can be used wherever it is desir-
able to isolate the effects of a variable load on a pressure/flow source.
It can be used to convert a load-sensitive device into a load-insensitive
device with no significant sacrifice in output pressure. A particular
application of the device is as a pressure regulator, since when it is

supplied by a constant flow source, it will maintain a near constant
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output pressure on a downstream variable load. It should also be useful
as a relief valve, in that the downstream load could be a flow source as

well as a flow sink.

Preliminary tests were completed with a vented jet regulator operating
with a constant supply flow. An output pressure variation of 4 percent

(* 2 percent regulation band) was obtained with a load flow variation of

0 to 67 percent of the supply flow (Figure 3-64). Subsequent tests in-
dicated that pressure regulation could be maintained even with significant

reverse flow from the output port.

Monopropellant Gas Generator System - The pressure regulation capabilities

of the vented jet-vortex valve combination suggest the use of the device
as a regulator in a monopropellant gas generator system (Figure 3-65).
This pressurization subsystem is conceived as a two-stage monopropellant
hydrazine system which provides pressurant for propellant tanks and the
working fluid for a fluidic control system. It can accurately regulate
the pressurant over a wide flow range, and the estimated duty cycle for

the rocket engine firings is about 20 percent.

Vented Jet Performance

The vented jet (Figure 3-28) has considerable potential for application in
fluidic pressure regulators. In particular, the device functions with
excellent accuracy when regulating a load from a constant flow source such
as a monopropellant gas generator system (Figure 3-65). One drawback is
an instability in the high gain region (Figure 3-29) that occurs with
present receiver configurations. The primary problem appears to be in the
receiver configuration, which needs to be modified so as to provide

stabilizing negative feedback from the receiver to the vent cavity.
A simple variable geometry vented jet test fixture (Figure 3-66) was

fabricated, so as to permit investigation into several possible ways of

stabilizing the device in the high gain region.
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ANALYSIS

This section briefly outlines some analytical techniques and tools that
could be used to help synthesize and design fluidic systems from a
component level and reduce the long time, cost, and uncertainty involved
with present repetitive 'cut and try" methods. Analysis should be based
on component performance data (characteristic curves) which are either
made available by the component manufacturer or derived from suitable
laboratory testing which is coordinated with the analytical effort.
Implementation of analytical techniques will support the system designer
in specifying, monitoring, and verifying fluidic component operation in
both linear and/or nonlinear system applications. In addition, these
techniques should be useful in the specification of the type of testing
required for proper component checkout, which will help to ensure

successful system design.

Analytical Techniques

In order to perform the analysis of fluidic systems, it will be necessary
to model the operation of the components and associated connecting
passageways involved from a dynamic as well as a static viewpoint. There
are several ways that the dynamic and static analysis of fluidic systems
can be approached. Two possible ways are:

1. Fluid dynamic analysis of the detailed complex flow phenomena
involved.

2. Fluid circuit analysis analogous to the approach used for

electronic circuit design.

The fluid dynamic analysis approach has yielded very little practical
information for fluidic system designers to date due to the nonlinearities
involved in the controlling partial differential fluid flow equations
(Navier-Stokes). This is true both at the component and system levels.
Thus, the first approach is not recommended as it does not appear to be

applicable to overall fluidic system design at the present time.
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A logical area for fluidic system modeling lies in the second approach;
i.e., the application of fluid circuit theory as outlined in Reference
3-2 and further discussed in Reference 3-10, in connection with a
dynamic analysis design philosophy for fluidic systems. Each of these
references points out the logical adaptation of equivalent electrical
circuit theory utilizing a mix of lumped and distributed parameters to
perform fluidic system modeling. Circuit theory is applicable to the
interconnecting lines between circuit elements and is covered in detail in
Reference 3-11. It should also be applicable to fluidic components
themselves in a manner similar to that used in Reference 3-12 to define
the small signal dynamics of various proportional amplifiers by means of
derived equivalent circuits, which is an adaption of electronic design

techniques.

In areas where application of circuit theory becomes untractable, it
will be necessary to use the black box technique, based on extensive
fluidic component testing (both static and dynamic), to establish the

required analytical transfer functions for the fluidic device in question.

Binary logic design should be based on standard techniques such as Boolean
algebra, developed and used in the design of digital computers. These
techniques will be helpful in optimizing the selection and combination of
bistable fluidic components such as flip-flops, OR-NOR and AND-NAND gates
into such digital devices as adders, counters, timers, multivibrators,
shift registers, etc., to be used for either sensing, logic or control

functions.

Analytical Tools

Circuit Analysis - The analytical tools needed to perform fluidic circuit

analysis fall into two categories:
1. Analytical Techniques - Large signal nonlinear problems using

graphical techniques and small signal problems using linearizing

approximations.
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2. Computer Aided Design (CAD) Techniques - Based on programmed
solutions generated on analog, digital, or hybrid computers, used

to solve either small or large signal linear or nonlinear problems.

In general, the application of purely analytical techniques to the design
of fluidic systems will be limited to relatively simple circuits. Tech-
niques for performing analyses for both small signals based on equivalent
linear circuits and large signals based on graphical analysis are covered
in Reference 3-12. The techniques outlined in detail in Reference 3-12
are similar to the standard procedures that are used for both single and
multiple stage electronic circuit design. The only new facet that has
been added is the generation of equivalent linear circuits for various
proportional fluidic amplifiers. These equivalent circuits include the

allowance for the time delays associated with signal propagation.

The application of computer analysis is recommended for the design of
relatively large, complei,~f1uidic systems to achieve a more rapid turn
around time than presently available. This approach should also minimize
the costs associated with the system design, development, and test

cycle.

There are two digital programs, ECAP and SCEPTRE, which are presently

being used to aid electronic circuit designers in the design and develop-
ment of complex electronic circuits. Use of these programs helps minimize
the costs associated with the breadboarding and testing of actual hardware,
prior to finalizing a design. Since both of these programs are circuit
analysis oriented, they also can be gainfully used for computer analysis of
complex fluidic systems utilizing fluidic component performance data to

characterize and model the equivalent networks.

ECAP (Reference 3-13) is basically oriented to handle small signal or
linear circuits. To use the program, an equivalent linear circuit is
first established in which any representation of such components as
diodes, transistors, etc., can be used provided it can be modeled with

conventional linear passive circuit elements, voltage and current sources,
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and current sensing switches; The matrix approach is fundamental
(solution is not dependent on a transfer function approach) and information
on basic network branches (circuit topology) are key entries to the com-
puter. The input to the program is user-oriented, i.e., no translational
language is needed. ECAP can perform D-C, A-C, and transient analysis
and has options for sensitivity, standard deviation, and worst-case
analysis. The latter options are useful in establishing component
tolerance criteria which are compatible with overall system performance
specifications. Reference 3-12 provides equivalent circuits for fluidic
components which can be used in ECAP to perform AC analysis (provide
system frequency response) with suitable modifications to include

fluidic component and circuit connection time delays.

The SCEPTRE program (see Reference 3-14) was written to allow the designer
to perform both D-C and transient analysis of large nonlinear electronic
networks. The input format of this program again basically describes the
topology of the circuit and the discrete circuit elements. However, un-
like in ECAP, these circuit elements may be nonlinear and/or linear.

The input format for nonlinearities can be either tables or equations.

In addition, active models can be built up from passive elements and
stored in a library and recalled for repeated use as needed. Thus,
SCEPTRE should especially facilitate fluidic circuit modeling and

analysis for large signal cases provided fluidic time delays are accounted
for. A typical area of application would be monostable or bistable
switching devices used either as relays or to implement logic operations.
Modeling involving component cascading would be simplified through the use
of the stored model feature. Impedance matching and/or stage isolation

in the case of cascaded analog and/or digital components would also be
facilitated through the use of SCEPTRE.

Logical Design Analysis - On-line computers can be used to help

optimize the design and checkout of both synchronous and nonsynchronous
digital logic circuitry which involve fluidic switching hardware. This
analytical approach would be especially useful to ensure the acceptable

operation of switching networks operating at relatively high speeds.
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Timing problems can arise in this case due to inherent fluidic system
time delays and the effect of signal noise modification of the signal
pulse width, which could cause a loss of signal. An example of the

problem involved and solution proposed is given in Reference 3-1S5.
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RESULTS AND CONCLUSIONS

The preliminary objectives of this task have been met. Comprehensive
literature and patent searches were completed. Over 600 literature
references and about 350 patents were reviewed and a Fluidic Subject
Index was organized so as to permit reference to a specific area of
interest. The major aerospace and commercial companies and government
agencies engaged in fluidics were visited, and the state-of-the-art of
fluidics relative to spacecraft liquid propulsion power systems was
established.

Propulsion applications of fluidics were also identified and the signifi-

cant problem areas and future development requirements were summarized.

Fluidic fundamentals and definitions have been determined and accepted

fluidic terminology, nomenclature, drawing techniques, symbology, and
definitions of circuit and performance parameters were documented for

reference purposes. The operation, performance, and fabrication of the

most common fluidic devices have been discussed relative to various propellants,

specific functional parameters and the space environment.

To facilitate component application, the technical problems and major
propulsion application areas were identified. Standard application
criteria for evaluating engineering systems were also reviewed in relation
to the selection of fluidic components for propulsion application. Con-
ceptual studies were also initiated in the areas of fluidic pressure
references and regulation. Finally, the analytical techniques and tools
that could be used to help synthesize and design fluidic systems from the

component level were outlined.

The capabilities of fluidics result from the use of fluid operation and

no moving parts. Environmental tolerance has been demonstrated by
operatibn over a temperature range from cryogenics to well over 2000°F.
Shock and vibration tolerance has been demonstrated at levels up to 50g's

at 5000 cps. The components appear to be unaffected by nuclear and electro-
magnetic radiation environments. Shelf and operating life should be ex-

cellent. Under these environmental extremes, fluidics offers potential
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improvements in size, weight, and reliability, particularly where it is
advantageous to use a single fluid medium for all control functions and

the need to translate information from one medium to another is eliminated.

Future efforts in the application of fluidics to propulsion should be con-
cerned with the elimination of present problem areas and the determination
of optimum fluidic component performance criteria. Scaling effects and
the effect of temperature and back pressure on the operation of components
need to be identified. Electrical to fluid and fluid to electrical trans-
ducers and the effect of electrical forces on fluid behavior is another
important area. Conceptual studies and prototype evaluation of fluidic
concepts which are potentially applicable to propulsion should be contin-
ued, i.e., regulation, throttling, and shutoff functions. New areas need
to be considered, in particular, analytical design procedures, materials,

fabrication, interconnection techniques, and fluidic power supplies.
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dated June 6, 1967, filed February 23, 1965, assigned to the United
States of America.

Cargill, N. A. and T. D. Reader, Electro-Pneumatic Fluid Amplifier,
No. 3071154, dated January 1, 1963, filed October 25, 1960, assigned
to Sperry Rand Corporation.

Cargill, N. A. and R. D. Reader, Electro-Sonic Fluid Amplifier, No.
3144037, dated August 11, 1964, filed February 16, 1961, assigned
to Sperry Rand Corporation.

Carlson, Jr., W. L., Cylindrical Fluid Amplifier, No. 3039490,
dated June 19, 1962, filed May 11, 1961, assigned to Minneapolis-
Honeywell Regulator Company.

Chabrier, H. and A. Saint-Joanis, Fluid Actuated Logical Devices,
No. 3311301, dated March 28, 1967, filed April 29, 1963, assigned
to Societe d'Electrochimie, d'Elec;ro-metallurgie._

Chabrier, H. P. and A. Saint-Joanis, Alarm System, No. 3348772,
dated October 24, 1967, filed January 2, 1964.

Chapin, D. W. and D. H. Fischer, Servo-Actuating Mechanism for
Pneumatic Analog Computers, No. 3316815, dated May 2, 1967, filed

December 4, 1961, assigned to the Garrett Corporation.

Chisel, D. M., Thrust Vector Control, No. 3239150, dated March 8,
1966, filed November 29, 1961, assigned to Continental Aviation and
Engineering Corporation.

Colston, J. R., Pure Fluid Function Generating System, No. 3250469,
dated May 10, 1966, filed August 5, 1963, assigned to Bowles
Engineering Corporation.

Colston, J. R., Turbine Speed Control, No. 3292648, dated December
20, 1966, filed July 5, 1963, assigned to Bowles Engineering Corpor-
ation.

Colston, J. R., Temperature Measuring System, No. 3314294, dated
April 18, 1967, filed October 4, 1963, assigned to Bowles Engineer-
ing Corporation.

Colston, J. R., Fluid Pulse Converter, No. 3244370, dated April 5,
1966, filed January 18, 1963, assigned to Bowles Engineering Corpor-
ation,
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B-88.

B-89.

B-90.

B-91.

B-92.

B-93.

B-94.

B-95.

B-96.

B-97.

B-98.

B-99.

Colston, J. R., Pure Fluid Function Generating System, No. 3250469,
dated May 10, 1966, filed August 5, 1963, assigned to Bowles
Engineering Corporation.

Comparin, R. A., Pneumatic Switch, No. 3139895, dated July 7, 1964,
filed November 29, 1961, assigned to International Business
Machines Company.

Connaught, P. M., Pneumatic Thyratrons, No. 3150674, dated
September 29, 1964, filed December 28, 1961, assigned to Robert-
shaw Controls Company.

Cooper, F. D., Solids Flow System, No. 3124170, dated March 10,
1964, filed February 2/, 1959, assigned to Bituminous Coal
Research, Inc.

Datwyler, W. F., Fluid Device, No. 3351080, dated November 7, 1967,
filed June 24, 1965, assigned to The Bendix Corporation.

Davy, C. H., Method of and Means for Superheat Control, No. 2213121,
dated August 27, 1940, filed November 11, 1936, assigned to The
Babcock and Wilcox. Company.

Detlefsen, G. C., Diverter Valve, No. 2624364, dated January 6,
1953, filed November 17, 1950, assigned to Crane Co.

Dexter, E. M., Fluid Control Device, No. 3338515, dated August 29,
1967, filed April 29, 1964, assigned to General Electric Company.

Dexter, E. M. and D. Roland, Rotational-To-Linear Flow Converter,
No. 3256899, dated June 21, 1966, filed November 26, 1962,
assigned to Bowles Engineering Corporation.

Dexter, E. M., Bias Device for Pure Fluid Amplifier, No. 320977S,
dated October 5, 1965, filed December 7, 1962, assigned to Bowles
Engineering Corporation.

Dexter, E. M. and D. R. Jones, Fluid Logic Components, No. 3240219,
dated March 15, 1966, filed November 26, 1962, assigned to Bowles
Engineering Corporation.

Dockery, R. J.,_Fluid Logic Element, No. 3277915, dated October
11, 1966, filed April 16, 1964, assigned to the Unites States of
America.
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B-100. Duff, B. E., Fluid Flow Control Stage, No. 3180346, dated April 27,
filed January 7, 1963, assigned to Midwestern Instruments, Inc.

B-101. Dunaway, J. C., Actuator For Pure Fluid Amplifier, No. 3289678,
dated December 6, 1966, filed February 13, 1964, assigned to the
United States of America.

B-102. Eckert, Jr., A. B. and B. Lyman, Pneumatic Record Sensing
Apparatus, No. 3302004, dated January 31, 1967, filed September 5,
1962, assigned to Pitney-Bowes, Inc.

B-103. Eggers, G., and G. Ernst, Device for Controlling the Jet of a
Reaction Propulsion Motor, No. 3020714, dated February 13, 1962,
filed June 27, 1957, assigned to Societe National d'Etude et
de Construction de Moteurs d'Aviation.

B-104. Eggers, G. and G. Ernst, Jet Control Apparatus, No. 3036430,
dated May 29, 1962, filed June 16, 1959.

B-105. Eige, J. J., Pneumatic Operational Am lifier System, No. 3266380,
dated August 16, 1966, %1ie3 November 26, 1963, assigned to
Stanford Research Institute. -

B-106. Eige, J. J., Fluid Logic Structures, No. 3319885, dated May 16,
1967, filed May 31, 1963, assigned to Stanford Research Institute.

B-107. Engholdt, R. K., Injector Pump, No. 3022743, dated February 27,
1962, filed June 19, 1959, assigned to Erie Manufacturing Company.

B-108. Ernst, A. 0. G., J. P. J. Jardinier, and J. Rona, Aerodynamic or
Hydrodynamic Servovalve, Especially for Use For the Guidance and
Stabilization of Rockets, No. 3285262, dated November 15, 1966,

filed August 2, 1963.

B-109. Etter, T. L., Fluid Pressure Digital Computer, No. 3057511, dated
October 9, 1962, filed February 19, 1957, assigned to TRG Incorpor-
ated. ‘

B-110. Evans, R. A., Control Apparatus, No. 3171422, dated March 2, 1965,
filed July 10, 1962, assigned to Honeywell Inc.

B-111. Evans, K. C., Pure Fluid Amplifier and Pure Fluid Amplifier
Attitude Control System for Missiles, No. 32/8140, dated October
11, 1966, filed February 13, 1964, assigned to the Unites States of
America.

B-112. Everett, W. S. and J. F. Richards, Fluid Pulsation Dampener, No.
3137316, dated June 16, 1964, filed May 17, 1962.
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B-113. Falconer, D. G., Valves and Fluid Amplifiers, No. 3147668, dated
September 8, 1964, filed November 10, 1960.

B-114. Falconer, D. G., Fluid Sealing Device and Analogue Computer
Components, No. 3254837, dated June 7, 1966, filed March 5, 1964.

B-115. Fedoseev, R. J., Comparators of Pneumatic Analog Signals, No.
3292853, dated December 20, 1966, filed October 16, 1964, assigned
to Nauchno-Issledovateijsky Institute Teploenergeticheskogo
Priborostroenija.

B-116. Fox, H. L., G. H. Thorne, Sr., and O. L. Wood, Fluid Logic Vortex
Apparatus, No. 3336931, dated August 22, 1967, filed September
16, 1964, assigned to Sperry Rand Corporation.

B-117. Fox, H. L. and G. H. Thorne, Sr., Fluid Control Apparatus, No.
3208462, dated September 28, 1965, filed September 14, 1962, assigned
to Sperry Rand Corporation.

B-118. Francis, S. A., Fluid Read-Out Device, No. 3200525, dated August
17, 1965, filed May 13, 1963, assigned to Francis Associates.

B-119. Frantz, W., Liquid Density Computer, No. 3028748, dated April 10,
1962, filed January 18, 1960, assigned to Curtiss-Wright
Corporation.

B-120. Frantz, W., Incremental Digital Fluid Actuator, No. 3164065, dated
January 5, 1965, filed December 29, 1961, assigned to Martin-
Marietta.

B-121. Freeman, J. D., Fluid Operated Timer Circuit, No. 3276689, dated
October 4, 1966, filed August 14, 1964, assigned to General Time
Corporation.

B-122. Gale, B. M., Fluid Memory Apparatus, No. 3269650, dated August 30,
1966, filed November 27, 1964, assigned to Honeywell Inc.

B-123. Gehring, A. J., Jr., M. Jacoby and T. D. Reader, Pure Fluid
Computer, No. 3190554, dated June 22, 1965, filed June 19, 1963,
assignea to Sperry Rand Corporation.

B-124. Gelin, P., Arrag%ement for Controlling the Flow of a Fluid, a
Means of an Auxiliary Flow, No. 2914916, dated December 1, 1959.

B-125. Gesell, W. F., Fluid Apparatus, No. 3335737, dated August 15, 1967,
filed May 27, 1964, assigned to The Sheffield Corporation.

B-126. Gesell, W. F., Fluid Apparatus, No. 3258118, dated June 28, 1966,
filed June 25, 1964, assigned to The Sheffield Corporation,
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B-127,

B-128.

B-129.

B-130.

B-131.

B-132.

B-133.

B-134.

B-135,

B-136.

B-137.

B-138.

B-139.

Glaettli, H. H., Fluid Devices for Computors, No. 3114390, dated
December 17, 1963, assigned to International Business Machines
Corporation,

Glaettli, H. H., Fluid Logical Devices, No. 3122313, dated February
25, 1964, filed May 11, 1961, assigned to International Business
Machines Corporation.

Gobhai, C. M., Fluid Logic Frequency Treatment, No. 3347251, dated
October 17, 1967, filed June 24, 1964, assigned to The Foxboro

Company.

Gobhai, C. M. and E. Schoppe, Jr., Fluid Logic Pulse Frequency
Subtractor, No. 3260457, dated July 12, 1966, filed June 24, 1964,

assigned to The Foxboro Company.

Gobhai, C. M., Fluid Logic Ring Counter, No. 3250471, dated May
10, 1966, filed June 24, 1964, assigned to The Foxboro Company.

Gobhai, C. M., Fluid Logic Half Adder-Subtractor, No. 3239143,
dated March 8, 1966, filed June 24, 1964, assigned to The Foxboro
Company.

Gobhai, C. M., Fluid Logic Half Subtractor, No. 3243115, dated
March 29, 1966, filed June 24, 1964, assigned to The Foxboro

Company.

Gobhai, C. M., Fluid Logic Pulse Frequency Rate System, No. 3241758,
dated March 22, 1966, filed June 24, 1964, assigned to The Foxboro
Company .

Gobhai, C. M. and E. Schoppe, Jr., Fluid Logic Arithmetic Device,
No. 3243114, dated March 29, 1966, filed June 24, 1964, assigned

to The Foxboro Company.

Gongwer, C. A., Fluid Turbulence Detector, No. 3213682, dated
October 26, 1965, filed March 6, 1961, assigned to Aerojet-
General Corporation.

Gottron, R. N., Electro-Fluid Transducer, No. 3311122, dated
March 28, 1967, filed January 13, 1964, assigned to the United
States of America.

Gray, J. L., Fluid Pulse Generator, No. 3202180, dated August 24,
1965, filed February 8, 1963, assigned to Sperry Rand Corporation.

Greenblett, B, J., Fluid Controlled Device, No. 3226530, dated
December 28, 1965, filed June 5, 1962, assigned to International
Business Machines Corporation.
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B-140. Greenblott, B. J., Fluid Controlled Device, No. 3148691, dated
September 15, 1964, filed June 7, 1962, assigned to International
Business Machines Corporation.

B-141. Graefe, A. D. and H. D. Hoffman and W. C. Schaffer, Jet Engine
Thrust Control System, No. 2934898, dated May 3, 1960 filed
September 29, 1953, assigned to Curtlss -Wright Corporatlon

B-142. Grimland, C. J., Analog-to- Dlgltal Converter, No. 3306539, dated
February 28, 1967 flled October 6, 1964, assigned to The
Geotechn1cal Corporat1on

B-143. Groeber, E. and G. H. Thorne, Sr., Fluid Logic Device, No.
3266507, dated August 16, 1966, filed September 4, 1963, assigned
to Sperry Rand Corporation.

B-144. Groeber, E., Fluid Logic Apparatus, No. 3232305, dated February 1,
1966, filed November 14, 1963, assigned to Sperry Rand Corporation.

B-145. Groeber, E., Fluid Oscillator, No. 3342198, dated September 19,
1967, filed January 15, 1965, assigned to Sperry Rand Corporation.

B-146. Grubb, H. R., Fluid-Operated Shift Register, No. 3250470, dated
May 10, 1966, filed December 19, 1963, assigned to International
Business Machines Corporation.

B-147. Grubb, H. R., Fluid Logic Trigger, No. 3253605, dated May 31, 1966,
filed December 18, 1963, assigned to International Business Machines
Corporation.

B-148. Gunderson, D. T. and L. A. Weinecke, Edge Position Detector, No.
2539131, dated January 23, 1951, filed November 24, 1948, assigned
to Askania Regulator Company.

B-149. Halista, M. J., Electrical Apparatus, No. 3327223, dated June 20,
1967, filed August 25, 1964, assigned to Honeywell Inc.

B-150. Hall, R. E., Method of and Means for Translating Sounds, No.
1549196 dated August 11, 1925, filed November 14, 1918, assigned
to Hall Radio Corporatlon

B-151. Hatch, Jr., R. W., Fluid Switch, No. 3238961, dated March 8, 1966,
filed October 10, 1963, assigned to The Foxboro Company.

B-152. Hatch, Jr., R. W., Fluid Logic Time Temperature Programmer, No.
3339570 dated September 5, 1967, filed June 24, 1964, assigned to
The Foxboro Company.

B-153. Hatch, Jr., R. W., Fluid Switch System, No. 3327726, dated June 27,
1967, filed June 24, 1964, assigned to The Foxboro Company.
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B-154.

B-155.

B-156.

B-157.

B-158.

B-159.

B-160.

B-161,

B-162.

B-163.

B-164.

B-165.

B-166.

B-167.

Hatch, Jr., R. W., Fluid Logic Dead-Band Control System, No.
3327725, dated June 27, 1967, filed June 24, 1964, assigned to
The Foxboro Company.

Hatch, Jr., R. W., Fluid Detector by Entrainment, No. 3250116,
dated May 10, 1966, filed June 15, 1964, assigned to The Foxboro
Company.

Hatch, Jr., R. W., Aeriform Fluid Information Transfer Device,
No. 3237857, dated March 1, 1966, filed June 24, 1964, assigned
to The Foxboro Company.

Hatch, Jr., R. W., Fluid Logic Signal Duration Measurement, No.
3237859, dated March 1, 1966, assigned to The Foxboro Company.

Hatch, Jr., R. W., Fluid Logic Diffusion Unit Ring Counter, No.
3251547, dated May 17, 1966, filed June 24, 1964, assigned to The

Foxboro Company.

Hatch, Jr., R. W. Turbulence Fluid Logic Binary Counter Device, No.
3259314, dated July 5, 1966, filed June 24, 1964, assigned to The
Foxboro Company.

Hausmann, G. F., Directional Control Means for Rockets or the Like,
No. 3143856, dated August 11, 1964, filed June 8, 1961, assigned
to United Aircraft Company.

Hausmann, G. F., Fluid Valve, No. 3016063, dated January 9, 1962,
filed July 5, 1960, assigned to United Aircraft Company.

Havee, R. M., Fluid Flow Control Device, No. 3194253, dated July
13, 1965, filed June 21, 1962, assigned to Pitney-Bowes, Inc.

Hoeton, B. M., Pressure Equalized Fluid Amplifier, No. 3282280,
dated November 1, 1966, filed December 17, 1963, assigned to the
United States of America.

Horton, H. B., Separable Fluid Control System, No. 3283766, dated
November 8, 1966, filed April 22, 1963, assigned to Sperry Rand
Corporation. '

Horton, B. M., Fluid Servo System, No. 3111291, dated November 19,
1963, filed September 19, 1960,

Horton, H. B., System and Apparatus for Producing, Maintaining
and Controlling Laminar Fluis Stream Flow, No. 3182674, dated

May 11, 1965, filed July 24, 1961, assigned to Sperry Rand
Corporation,

Horton, H. B., Delay Line Memory, No. 3075548, dated January 29,
1963, filed September 26, 1960, assigned to Sperry Rand Corporation.
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B-168.

B-169.

B-170.

B-171.

B-172.

B-173.

B-174.

B-175.

B-176.

B-177.

B-178.

B-179.

B-180.

B-181.

B-182.

Horton, B. M., Negative Feedback Fluid Amplifier, No. 3024805,
dated March 13,7 1962, filed May 20, 1960.

Horton, B. M., Fluid-Operated System, No. 3122165, dated February
25, 1964, filed September 19, 1960.

Horton, B. M., Fluid Oscillator, No. 3185166, dated May 25, 1965,
filed April 8, 1960.

Horton, B. M., Pure Fluid Amplifier, No. 3331382, dated July 18,
1967, filed December 17, 1963, assigned to the United States of
America.

Horton, B. M., Fluid Scalars, No. 3226023, dated December 28, 1965,
filed June 25, 1962.

Horton, B. M., Fluid System for Aircraft Control, No. 3137464,
dated June 16, 1964, fiiea September 19, 1960.

Horton, H. B., Fluid-Electro Transducer, No. 3258685, dated June 28,
1966, filed April 22, 1963, assigned to Sperry Rand Corporation.

Hurvitz, H. Suction égglifier, No. 3001539, dated September 26,
1961, filed August 15, .

Hurvitz, H. Bounded Jet Fluid Amplifiers, No. 3004547, dated
October 17, 1961, filed July 22, 1960.

Hurvitz, H., Pure Fluid Amplifier, No. 3208463, dated September 28,
1965, filed April 4, 1963.

Iverson, I. B., Synchronous Harmonic Computer, No. 3157355, dated
November 17, 1964, filed July 3, 196l.

Jacoby, M., Binary Counter, No. 3227368, dated January 4, 1966,
filed January 22, 1964, assigned to Sperry Rand Corporation.

Jacoby, M., Fluid Memory Device,- No. 3282503, dated November 1,
1966, filed June 29, 15%4, assigned to Sperry Rand Corporation.
Joesting, F. D., Pneumatic Transducers, No. 3219049, dated

November 23, 1965, filed September 11, 1963, assigned to Honeywell
Inc.

Joesting, F. D., Fluid Amplifier Control System, No. 3171421, dated
March 2, 1965, filed December 7, 1961, assigned to Honeywell Inc.

3-Bl14



B-183.

B-184.

B-185,

B-186.

B-187.

B-188.

B-189.

B-190.

B-191.

B-192.

B-193.

B-194,

B-195.

Joesting, F. D., Fluid Flow Control Device, No. 3159208, dated
December 1, 1964, filed March 23, 1961, assigned to Honeywell Inc.

Joesting, F. D., Two-Stage Fluid Oscillator, No. 3098504, dated
July 23, 1963, filed March 26, 1962, assigned to Minneapolis-
Honeywell Regulator Company.

Johnson, E. G., Fluid Amplifier Apparatus, No. 3171915, dated
March 2, 1965, filed May 15, 1962, assigned to Honeywell Inc.

Jones, B. A., Fluid Amplification Device for Propulsion System Roll
Control, No. 3229461, dated January 18, 1966, filed May 4, 1965,
assigned to the United States of America.

Jones, B. A., Tertiary Injector for Propulsion System Roll Control,
No. 3229460, dated January 18, 1966, filed May 4, 1965, assigned to
the United States of America.

Jones, D. R., Analog Amplifier Cross Vent, No. 3279488, dated
October 18, 1966, filed June 7, 1963, assigned to Bowles Engineering
Corporation.

Jones, D. R., Fluid Logic Circuit and Shift Register Employing Same,
No. 3240220, dated March 15, 1966, filed February 26, 1963, assigned
to Bowles Engineering Corporation.

Jones, J. E. and J. A. Machmer, Fluid Encoder and Actuator, No.
3314603, dated April 18, 1967, filed November 21, 1965, assigned
to International Business Machines Corporation.

Jones, D. R. and E. M. Dexter, Bias Device for Pure Fluid Amplifier,
No. 3209775, dated October 5, 1965, filed December 7, 1962, assigned
to Bowles Engineering Corporation.

Katz, S., Fluid Pressure Reference, No. 3313313, dated April 11,
1967, filed April 10, 1964, assigned to the United States of America.

Kepler, C. E. and R. E. Olson, Bistable Fluid Valve, No. 3135291,
dated June 2, 1964, filed June 14, 1961, assigned to the United
Aircraft Corporation.

Klein, H. C., Aerodynamic Valves and Apparatus Incorporating Same,
No. 3258919, dated July 5, 1966, filed July 23, 1964, assigned
to Alfred Teves KG.

Krayer, W. L., Force Balance Computing Apparatus, No. 3348771,
dated October 24, 1967, filed July 13, 1965, assigned to Calgon
Corporation.
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B-196.

B-197.

B-198.

B-199.

B-200.

B-201.

B-202.

B-203.

B-204.

B-205.

B-206.

B-207.

B-208.

Laing, N., Fluid Conveying Apparatus, No. 3345961, dated October 10,
1967, filed April 26, 1960.

Lee II, L., Fluid Resistor, No. 3323550, dated June 6, 1967, filed
May 21, 1964, assigned to The Lee Company.

Lewis, G. D., Bistable Valve Control, No. 3330483, dated July 11,
1967, filed October 26, 1964, assigned to United Aircraft
Corporation.

Lewis, G. D. and B. A. Jones, Bi-Stable Fluid Valve, No. 3276473,
dated October 4, 1966, filed July 30, 1963, assigned to the United
States of America.

Linderoth, E. R., Aerodynamic Check Valve, No. 2727535, dated
December 20, 1955, filed January 17, 1950.

Lootzook, J. V., Pneumatic or Hydraulic Automatic Control System,
No. 3225779, dated December 28, 1965, filed August 18, 1961,
assigned to Pneumo-Hydraulic Automatic Control Laboratory of
Automatic Control and Telemechanics Institute of the Academy of
Sciences of the U.S.S.R.

Lorenz, W. T., Fluid Regulator, No. 3198214, dated August 3, 1965,
filed October 30, 1963, assigned to R.I.V. Anstalt zur Verwaltung
von Realund Immaterialvermogen.

Luhrs, J. F., Measurin Apparétus, No. 2217642, dated October 8,
1940, filed March 1, 1938, assigned to Bailey Meter Company.

Lupfer, D. E., Method of and Apparatus for Improved Process Control,
No. 3197138, dated July 27, 1965, filed June 12, 1961, assigned to
Phillips Petroleum Company.

Lyman, B., Sheet Handling Apparatus, No. 3236517, dated February
22, 1966, filed April 5, 1963.

Mamy, M., Pneumatic Switching Member, No. 3303999, dated February
14, 1967, filed September 16, 1963.

Manion, F. M., Automatic Fill Valve, No. 3277914, dated October 11,
1966, filed December 12, 1963, assigned to Bowles Engineering
Corporation.

Manion, F. M., Differential Fluid Amplifier, No. 3209774, dated
October 5, 1965, filed September 28, 1962, assigned to Bowles

Engineering Corporation.
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B-209. Manion, F. M., Vortex Transfer Device, No. 3280837, dated October
25, 1966, filed November 20, 1963, assigned to Bowles Engineering
Corporation.

B-210. Manion, F. M., Vented Pure Fluid Analog Amplifier, No. 3282768,
dated November 8, 1966, filed November 20, 1963, assigned to
Bowles Engineering Corporation.

B-211. Manion, F. M., Input and Control Systems for Staged Fluid Amplifiers,
No. 3282279, dated November 1, 1966, filed December 10, 1963,
assigned to Bowles Engineering Corporation.

B-212. Manion, F. M., Vortex Controlled Fluid Amplifier, No. 3233621,
dated February 8, 1966, filed January 31, 1963, assigned to
Bowles Engineering Corporation.

B-213. Manion, F. M., External Vortex Transformer, No. 3216439, dated
November 9, 1965, filed December 18, 1962.

B-214. Marhofer, L. J., Pure Liquid Shift Register, No. 3323722, dated
June 6, 1967, filed December 9, 1965, assigned to the United States
of America. )

B-215. Markey, F. J., Fluid Jet Edge Position Detector, No. 2919712,
dated January 5, 1960, fileﬁ May 25, 1956, assigned to GPE
Controls, Inc.

B-216. Mayer, F., Electrohydraulic Actuator, No. 3273594, dated September
20, 1966, filed May 26, 1961, assigned to Inventions Finance
Corporation.

B-217. McCracken, S. T., Fluid Timer, No. 3306538, dated February 28, 1967,
filed November 20, 1963, assigned to General Electric Company.

B-218. McMahan, K. D., Fluid Control Apparatus, No. 2265737, dated
December 9, 1941, filed June 21, 1939, assigned to General Electric
Company.

B-219. McNaney, J. T., Binary To Decimal Converter, No. 3263921, dated
August 2, 1966, filed July 30, 1965.

B-220. McNaney, J. T., Teggerature Coggensating Means for Fluid Displace-
ment Decoder, No. 56, dated March 1, 1966, filed May 27, 1964.

B-221., Meek, J. M., %ggular Rate Sensor Utilizing at Least One Fluid Beam,
No. 3205715, dated September 14, 1965, filed April 18, 1962.

B-222. Meier, J. H., Fluid-Controlled Memory with Non-Destructive Readout,
No. 3252481, dated May 24, 1966, filed August 29, 1963, assigned to
International Business Machines Corporation.
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B-223. Meier, J. H., Tuning Fork Oscillator, No. 3275015, dated September
27, 1966, filed October 29, 1963, assigned to International
Business Machines Corporation.

B-224. Metzger, E. E., Fluid Pulse Width Modulator, No. 3276464, dated
October 4, 1966, filed October 21, 1965, assigned to Bowles
Engineering Corporation.

B-225, Mitchell, A. E., Pulse Powered Fluid Device with Flow Asymmetry
Control, No. 3326227, dated June 20, 1967, filed December 21,
1964, assigned to International Business Machines Corporation.

B-226. Mon, J. and J. Joyce, Jr., Fluid Amplifier-Driven Oscillator, No.
3340896, dated September 12, 1967, filed June 7/, 1965, assigned to
the United States of America.

B-227. Moore, C. B., Boat Steering Apparatus, No. 3206928, dated
September 21, 1965, filed May 16, 1962, assigned to Moore Products
Co. .

B-228. Moore, A. D., Calculating Machine, No. 208211, dated June 1, 1937,
filed October 11, 1935.

B-229. Moore, C. B., Control Apparatus, No. 3177888, dated April 13, 1965,
filed September 21, 1535, assigned to Moore Products Co.

B-230. Morey, E. D., Washing Machine, No. 3312234, dated April 4, 1967,
filed August 6, 1964, assigned to General Electric Company.

B-231. Mugele, K., Device for Closing ggenings Such as Pressure QEenings
in Gas Pumps, No. , dated October . , tiled Marc ,

1965, assigned to Siemens-Schuckertwerke Aktiengesellschaft, Berlin-
Siemensstadt.

B-232. Murphy, F. E., Jr., Stable Fluid Amplifiers, No. 3181545, dated
May 4, 1965, filed September 26, 1962, assigned to Corning Glass
Works.,

B-233. Neukirch, F., Liquid Catcher for Jet-Pipe Relays, No. 2228015,
dated January 7, 1941, filed November 28, 1939, assigned to
Askania Regulator Company.

B-234. Nichols, J. B. and W. E. Wayman, Nozzle Flow Control, No. 2692800,
dated October 26, 1949, filed October 8, 1951, assigned to General
Electric Company. ‘

B-235. Norwood, R. E., Electro-Fluid Apparatus, No. 3187762, dated June 8,
1965, filed December 10, 1962, assigned to International Business
Machines Corporation.
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B-236.

B-237.

B-238.

8‘239 .

B-240.

B-241.

B‘2420

B-243.

B"244 .

8-245 .

B- 246 .

B-247.

B-248.

Norwood, R. E., Multi-Stable Fluid Device, No. 3128039, dated
April 7, 1964, filed December 20, 1961, assigned to International
Business Machines Corporation.

Norwood, R. E., Fluid Logic Device, No. 3128040, dated April 7,
1964, filed October 29, 1962, assigned to International Business
Machines Corporation.

Norwood, R. E., Fluid-Operated Logic Devices, No. 3318329, dated
May 9, 1967, filed July 24, 1964, assigned to International Business
Machines Corporation.

Ogren, H. D., Control Apparatus, No. 3348562, dated October 24,
1967, filed January 30, 1964, assigned to The Foxboro Company.

Ogren, H. D., Vortex Rate Sensor, No. 3202237, dated August 31,
1965, filed September 6, 1962, assigned to Honeywell Inc.

Palmisano, R. R., Fluid Vortex Oscillator, No. 3311120, dated
March 28, 1967, filed July 6, 1964, assigned to the United States
of America,

Pan, C. H. T;, Fluid Amplifiers, No. 3240221, dated March 15, 1966,
filed May 8, 1963, assigned to General Electric Company.

Phillips, E. R. and M. Jacoby, Visual Fluid Read-Out Device, No.
3305171, dated February 21, 1967, filed July 26, 1965, assigned to
Sperry Rand Corporation.

Phillips, E. R., Fluid Binary Counter, No. 3342197, dated September
19, 1967, filed May 12, 1964, assigned to Sperry Rand Corporation.

Phillips, E. R., Monostable Fluid Amplifier and Shift Register

%gglozing Same, No. 3248053, dated April 26, 1966, filed June 18,
, assigned to Sperry Rand Corporation.

Phillips, E. R., Fluid Sensor, No. 3270960, dated September 6, 1966,
filed September 11, 1964, assigned to Sperry Rand Corporation.

Phillips, E. R., Jet Pipe Pneumatic and Gate, No. 3334640, dated
August 8, 1967, filed August I, 1962, assigned to Sperry Rand
Corporation.

Phillips, E. R., Jet Pipe Pneumatic or Gate, No. 3191612, dated
June 29, 1965, filed August 1, 1962, assigned to Sperry Rand
Corporation.
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B-249.

B-250.

B-251.

B-252.

B-253.

B-254,

B-255.

B-256.

B-257.

B-258.

B-259.

B-260.

B-261.

B-262.

B-263.

Phillips, E. R., Pure Fluid Binary Counter, No. 3319886, dated
May 16, 1967, filed October 21, 1965, assigned to Sperry Rand
Corporation.

Plasko, E. R., Fluid Control Means, No. 3275014, dated September
27, 1966, filed September 12, 1963, assigned to American Radiator &
Standard Sanitary Corporation.

Polter, E. M. and S. N. Zilberfarb, Pure Fluid Velocity Modulated
Amplifier, No. 3182675, dated May 11, 1965, filed November 17, 1961,
assigned to Sperry Rand Corporation.

Posingies, W. M., Control Apparatus, No. 3246863, dated April 19,
1966, filed October 25, 1962, assigned to Honeywell Inc.

Przybylko, S. J., Vortex Analog Speed Sensor, No. 3342196, dated
September 19, 1967, filed January 4, 1966, assigned to the United
States of America.

Rawlings, J. L., Fluid Commutating Device, No. 3191625, dated
June 29, 1965, filed November 8, 1962, assigned to Sperry Rand
Corporation. : '

Reader, T. D., Pulse Generator, No. 3159169, dated December 1,
1964, filed September 4, 1962, assigned to Sperry Rand Corporation.

Reader, R. D., Fluid or Gate, No. 3282281, dated November 1, 1966,
filed December 23, 1963, assigned to Sperry Rand Corporation.

Reader, T. D., Pneumatic Clock, No. 3159168, dated December 1, 1964,
filed February 16, 1962, assigned to Sperry Rand Corporation.

Reader, T. D., Fluid Shift Register, No. 332643, dated June 20,
1967, filed December 4, 1964, assigned to Sperry Rand Corporation.

Reader, T. D., Perforating Mechanism, No. 3176571, dated April 6,
1965, filed June 8, 1962, assigned to Sperry Rand Corporation.

Reilly, R. J., Induction Fluid Amplifier, No. 3030979, dated April
24, 1962, filed November 16, 1960, assigned to Minneapolis-Honey-
well Regulator Company.

Reilly, R. J., Pure Fluid Amplifier, No. 3170476, dated February
23, 1965, filed August 22, 1962, assigned to Honeywell Inc.

Rhoades, J. M., Flow Regulator, No. 3324891, dated June 13, 1967,
filed April 18, 1961, assigned to General Electric Company.

Riordan, H. E., Pneumatic Diode, No. 3068880, dated December 18,
1966, filed December 28, 1961, assigned to General Precision Inc.
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B-264. Riordan, H. E., Pneumatic Computer Element and Circuits, No. 3151623,
dated October 6, 1964, filed November 28, 1962, assigned to General

Precision Inc,

B-265. Rose, R. K., Fluid Amplifier Serial Digital Adder Logic Circuit,
No. 3350009, dated October 31, 1967, filed March 28, 1966, assigned
to General Electric Company.

B-266. Rose, R. K., Fluid Amplifier Serial Digital Complementer Logic
Circuit, No. 3340010, dated October 31, 1967, filed April 26,
1966, assigned to General Electric Co.

B-267. Russ, D. G., Method and Apparatus for Measuring Thrust in Jet-Type
Engines, No. 3233451, dated February 8, 1966, filed February 17,
1961,

B-268. Saintsbury, J. A., Aerodynamic Flow Reverser and Smoother, No.
3333414, dated August 1, 1967, filed October 13, 1965, assigned to
United Aircraft of Canada Limited.

B-269. Saint-Joanis, A., Fluid Distributor Devices, No. 3326239, dated
June 20, 1967, filed December 23, 1963.

"B-270. Samet, F., Binary Flip-Flop Element for Pneumatic Digital Computer,
No. 3168898, dated February 9, 1965,

B-271. Schaefer, J. 0., Pneumatic Accumulator, No. 3346184, dated
October 10, 1967, filed April 21, 1966, assigned to International
Business Machines Corporation.

B-272. Schonfeld, A. and J. C. Schulte, Fluid Identification and Sorting
Device, No. 3241668, dated March 22, 1966, filed October 4, 1963,
assigned to Sperry Rand Corporation.

B-273. Schonfeld, A., M. Jacoby, and T. D. Reader, Keyboard Encoder, No.
3248052, dated April 26, 1966, filed June 25, 1964, assigned to
Sperry Rand Corporation.

B-274. Schonfeld, A. and J. C. Schulte, Fluid Sorter, No. 3241669, dated
March 22, 1966, filed August 17, 1964, assigned to Sperry Rand
Corporation.

B-275. Schonfeld, A. and J. C. Schulte, Control and Delay Device for Liquid
Fluid Circuits, No. 3331380, dated July 18, 1967, filed November 27,
1964, assigned to Sperry Rand Corporation.

B-276. Schonfeld, A., Pneumatic Tubing Memory, No. 3270961, dated September
6, 1966, filed November 17, 1964, assigned to Sperry Rand Corporation.
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B-277. Schoppe, E. and C. M. Gobhai, Fluid Logic Bi-Directional Bina§§
Counter Device, No. 3237858, dated March 1, s ed June ,

1964, assigned to The Foxboro Company.

B-278. Schuck, 0. H., Control Apparatus, No. 3239027, dated March 8, 1966,
filed December 26, 1963, assigned to Honeywell Inc.

B-279. Scudder, K. R., Electro-Pneumatic Transducer, No. 3263695, dated
August 2, 1966, filed March 19, 1964, assigned to the United States
of America.

B-280. Seaton, W. J., Bistable Fluid Device, No. 3148692, dated September
15, 1964, filed September 17, 1962, assigned to Sperry Rand Cor-
poration.

B-281. Severson, A. M., Fluid Amplifier, No. 3080886, dated March 12, 1963,
filed September 18, 1961, assigned to Minneapolis-Honeywell
Regulator Company.

B-282. Severson, A. M., Fluid Operated Pump, No. 3176920, dated April 6,
1965, filed May 26, 1961, assigned to Honeywell Inc.

B-283. Severson, A. M., Controlled Fluid Unit, No. 3144208, dated August
11, 1964, filed October 12, 1062, assigned to Minneapolis-Honeywell.

B-284. Shinn, J. N.; Reversible Fluid Binary Counter, No. 3199782, dated
August 10, 1965, Tiled August 28, 1963, assigned to General Electric

Company .

B-285. Shiiki, A., Digital-Analogue Converter, No. 3288365, dated November
29, 1966, filed June 30, 5965, assigned to Honeywell Inc.

B-286. Shinskey, F. G., Dead-Time Simulator for Industrial Process Control
Apparatus, No. 32 , dated December 20, , filed January 25,
1962, assigned to Foxboro Company.

B-287. Smith, Jr., R. T., Fluid Controlled Capstans with Brakes, No.
3270932, dated September 6, 1966, filed January 13, 1964, assigned
to Sperry Rand Corporation.

B-288. Smith, H. V., Pressure Responsive Control System, No. 3344809,
dated October 3, 1967, filed January 27, 1965, assigned to Metrol

Corporation.

B-289. Smith, G. L., Fluid Pressure Ratio Sensor, No. 3270561, dated
September 6, 1966, filed April 24, 1964, assigned to the United
States of America.

B-290. Sowers, E. U. III, Fluid lifier Vacuum Capstan Control, No,
3342392, dated September 1967, filed June 9, 1965, assigned to
Sperry Rand Corporation.
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B-291,

B-292,

5-293.

B-294.

B-295.

B-296-

B-297.

B-298.

B-299,

B- 300,

B- 301,

B- 302,

B- 303,

B- 304.

Sowers, E. U. III, Fluid Power Amplifier Not-Gate, No. 3174497,
dated March 23, 1965, filed September 4, 1962, assigned to Sperry
Rand Corporation.

Sowers, E. U. III, Multi-Frequency Fluid Oscillator, No. 3117593,
dated January 14, 1964, filed April 23, 1962, assigned to Sperry
Rand Corporation.

Sowers, E. U. III, Pure Fluid Pulse Generator, No. 3175569, dated
March 30, 1965, filed December 28, 1961, assigned to Sperry Rand
Corporation.

Sowers, E. U. III, Keypunch Input with Repeat Readout Incorporating
Fluid Amplifying Means, No. 3191858, dated June 29, 1965, filed
June 5, 1963, assigned to Sperry Rand Corporation.

Sowers, E. U. III, Fluid Power Output Device, No. 3282282, dated
November 1, 1966, filed February 18, 1964, assigned to Sperry Rand
Corporation.

Sowers, E. U. III, Fluid Amplifier with Automatic Reset of the
Power Stream, No. 3122039, dated February 25, 1964, filed February

16, 1962, assigned to Sperry Rand Corporation.

Sorteberg, J., Weighbeam Control System, No. 3289933, dated
December 6, 1966, %iIea AprlI 7, 1535.

Sparrow, H. T., Fluid Amplifier Mixing Control System, No. 3091393,
dated May 28, 1963, filed July 5, 1961, assigned to Minneapolis-
Honeywell Regulator Company.

Sparrow, H. T., Pulsed Fluid Amplifier, No. 3176703, dated April 6,
1965, filed March 1, 1962, assigned to Honeywell Inc.

Sparrow, H. T., Gas Control System, No. 3171468, dated March 2,
1965, filed May 9, 1961, assigned to Honeywell Inc.

Spivak, A. L. and J. A. Russell, Arc Discharge Controlled Fluid
Amplifier, No. 3122062, dated February 25, 1964, filed January 23,
1957, assigned to General Electric Company.

Spyropoulos, C. E., Pneumatic Relaxation Oscillator, No. 321727,
dated November 16, 1965, filed September 10, 1963, assigned to the
United States of America.

Stern, H., Fluid Control System, No. 3233522, dated February 8,
1966, filed May 28, 1963, assigned to General Electric Company.

Sterns, C. F., Hydraulic Computer, No. 3317134, dated May 2, 1967,
filed May 25, 1964, assigned to United Aircraft Corporation.
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B-305. Straub, H. W., Light Transducer for Fluid Amplifier, No. 3228411,
dated January 11, 1966, filed January 22, 1964.

B-306. Swartz, E. L., Fluid Oscillator, No. 3320966, dated May 23, 1967,
filed December 31, 1964, assigned to the United States of America.

B-307. Swartz, E. L., Impedance-Matching Fluid Amplifier, No. 3329152,
dated July 4, 1967, filed June 12, 1964, assigned to the United
States of America.

B-308, Symnoski, R. V. and C. B. Moore, Pneumatic Measuring Apparatus,
No. 3232095, dated February 1, 1966, filed March 23, 1962, assigned
to Moore Products Co.

B-309. Tagaevskaya, A. A. and T. K. Berends, Standardized Modular Systems,
No. 3335950, dated August 15, 1967, filed June 10, 1964,

B-310. Taplin, L. B., W. F., Datwyler, Jr., J. P. Madurski, and T. E,
Thompson, Fluid Pulse Control, No. 3302398, dated February 7, 1967,
filed June 25, 1963, assigned to the Bendix Corporation.

B-311. Tesla, N., Valvular Conduit, No. 1329559, dated February 3, 1920,
filed February 21, 1916.

B-312. Testerman, M. K. and P, C. McLeod, Jr., Fluid Oscillator Analyzer
and Method, No. 327337, dated September 20, 1966, filed August 12,
1963, assigned to Phillips Petroleum Company.

B-313. Testerman, M. K. and P. C. McLeod, Method and Apparatus for Determ-
ining Fluid Flow Rate, No. 3144767, dated August 18, 1964, filed

July 3, 1961, assigned to Phillips Petroleum Company.

B-314, Thorburn, D. H., Pneumatic Control Unit, No. 3319644, dated May 16,
1967, filed January 19, 1965, assigned to The Power Regulator

Company.

B-315. Topfer, A. and A. Schwarz, Pressurized Fluid Operable Switching
Device, No. 3323721, dated June 6, 1967, filed July 20, 1965,
assigned to Deutsche Akademie der Wissenschaften zu Berlin.

B-316. Tooze, M. J., Data Processing Apparatus, No. 3350011, dated
October 31, 1967, filed May 16, 1966, assigned to Elliott Brothers
(London) Limited.

B-317. Turick, J. M., Transducer, No. 3266511, dated August 16, 1966, filed
October 11, 1963, assigned to Sperry Rand Corporation.

B-318, Turick, J. M., Fluid Amplifier Control Valve, No. 3266512, dated
August 16, 1966, filed October 16, 1963, assigned to Sperry Rand
Corporation.
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B-319.

B-320.

B-321.

B- 322.

B- 323,

B- 324.

B- 325.

B-326.

B-327.

B- 328.

B- 329,

B- 330,

B- 331,

Unfried, H. H., Fluid Dynamic Control Device, No. 3282051, dated
November 1, 1966, filed February 4, 1965, assigned to Mattel, Inc.

Vockroth, Jr., R. W., Comparison Matrix, No. 3288364, dated
November 29, 1966, filed November 18, 1964, assigned to Corning
Glass Works.

Vockroth, Jr., R. W., Fluid Amplifiers, No. 3202179, dated August
24, 1965, filed February 5, 1962, assigned to Corning Glass Works.

Vockroth, Jr., R. W., Logic Network for Numerically-Controlled
Machine Tools, No. 3250285, dated May 10, 1966, filed February 12,
1963, assigned to Corning Glass Works.

Voit, Jr., W. F., Fluid Display and Converter Device, No. 3263922,
dated August 2, 1966, filed December 24, 1964, assigned to
International Business Machines Corporation.

Voit, Jr., W. F., Bistable Fluid Logic Element, No. 3312244, dated
April 4, 1967, filed December 24, 1964, assigned to International
Business Machines Corporation.

Voit, Jr., W. F., Switching Arrangement for Fluid Amplifiers, No.
3266513, dated August 16, 1 , filed March 2, 1964, assigned to

International Business Machines Corporation.

Voitsekhovsky, B. V., Jet Nozzle for Obtaining High Pulse Dynamic
Pressure Heads, No. 3343794, dated September 26, 1967, filed

July 12, 1965.

Wadey, W. G., Device for Forming Fluid Pulses, No. 3266510, dated
August 16, 1966, filed September 16, 1963, assigned to Sperry Rand
Corporation.

Wadey, W. G., Weighing and Sorting Device, No. 3317039, dated May
2, 1967, filed February 25, 1965.

Wadey, W. G., Fluid Logic Control, No. 3191860, dated June 28, 1965,
filed January 30, 1963, assigned to Sperry Rand Corporation.

Wadey, W. G., Fluid Pulsing Means for Print Hammers, No. 3159099,
dated December 1, 1964, filed August 16, 1964, assigned to Sperry
Rand Corporation.

Wadey, W. G., Tabulating Card Position Sensing Device, No. 3191008,
dated June 22, 1965, filed April 11, 1962, assigned to Sperry Rand
Corporation.
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B-332.

B-333.

B-334,

B-335.

B- 336.

B- 337.

B- 338.

B- 339.

B- 340.

B- 341,

B- 342,

B- 343,

B- 344,

B- 345,

Wadey, W. G., Infrared Record Reader with Fluid Signal Output, No.
3179810, dated April 20, 1965, filed October 4, 1961, assigned to
Sperry Rand Corporation.

Warren, R. W. and R. E. Bowles, Multi-Channel Fluid Elements, No.
3238958, dated March 8, 1966, filed August 7, 1963, assigned to the
United States of America.

Warren, R. W., Fluid Vortex Transfer, No. 3207168, dated September
21, 1965, filed January 16, 1963, assigned to the United States of
America.

Warren, R. W., Respirator, No. 3292623, dated December 20, 1966,
filed February 24, 1964, assigned to the United States of America.

Warren, R. W., R. G. Barclay and J. G. Moorhead, Pressure Recove
from Bistable Element, No. 3225780, dated December 28, 1965, files
May 20, 1963, assigned to the United States of America,

Warren, R. W., Negative Feedback Oscillator, No. 3158166, dated
November 24, 1964, filed August 7, 1962, assigned to the United
States of America. :

Warren, R. W., Fluid Time Gate, No. 3180575, dated April 27, 1965,
filed January 16, 1963, assigned to the United States of America.

Warren, R. W., Fluid-Operated Timer, No. 3093306, dated June 11,
1963, filed June 5, 1961, assigned to the United States of America.

Warren, R. W., Fluid Logic Components, No. 3107850, dated October
22, 1963, filed March 17, 196l.

Warren, R. W. and E. L. Swartz, Fluid Pulse Width Modulation, No.
3228410, dated January 11, 1966, filed September 30, 1963, assigned
to the United States of America.

Warren, R. W. and R. E. Bowles, Multi-Channel Fluid Elements, No.
3340884, dated September 12, 1967, filed August 7, 1963, assigned
to the United States of America.

Warren, R. W. and R. E. Bowles, Three Dimensional Jet Vectoring,
No. 3204405, dated September 7, 1965, filed February 20, 1964,

assigned to the United States of America.

Warren, R. W., Fluid Oscillator, No. 3016066, dated January 9,
1962, filed January 22, 1960.

Warren, R. W., Self-Matching Fluid Elements, No. 3272214, dated
September 13, 1966, filed October 2, 1963, assigned to the United
States of America.
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B-346. Warren, R. W., Pure Fluid Shift Register, No. 3221990, dated
December 7, 1965, filed January 30, 1964, assigned to the United
States of America.

B-347. Warren, R. W., High-Speed Counters and Fluid Forward-Backward
Counters, No. 3224674, dated December 21, 1965, filed May 11, 1964,
assigned to the United States of America.

B-348. Watrous, R. B., Fluid-Pressure-Operated Computer, No. 2960098,
dated November 15, 1960, filed June 29, 1959, assigned to
Minneapolis-Honeywell Regulator Company.

B-349, Welsh, H. F., Fluid Binary Counter, No. 324113, dated March 29,
1966, filed April 20, 1964, assigned to Sperry Rand Corporation.

B-350, Welsh, H. F., Fluid Shift Register, No. 3201041, dated August 17,
1965, filed March 23, 1964, assigned to Sperry Rand Corporation.

B-351, Welsh, H. F., Power Jet Clocking, No. 3199781, dated August 10,
1965, filed June 5, 1963, assigned to Sperry Rand Corporation.

B-352, White, D. R., Fluid Flow Apparatus, No. 2910830, dated November 3,
1959.

B-353, Widell, G. M., Jet Thrust Vector Control Apparatus, No. 3255971,
dated June 14, 1966, filed November 21, 1962, assigned to The
Bendix Corporation.

B- 354, Widell, G. M., Vortex Valve, No. 3195303, dated July 20, 1965,
filed January 22, 196..

B- 355. Wilkerson, R. B., Fluid Control Devices, No. 3220428, dated
November 30, 1965, filed January 9, 1963, assigned to General
Electric Company.

B- 356, Williamson, R. G., Pneumatic Multiplier (Very High Gain Amplifier),
No. 3270760, dated September 6, 1966, filed December 19, 1963,
assigned to Sperry Rand Corporation.

B- 357. Woodward, K. E., Fluid Amplifier, No. 3053276, dated September 11,
1962, filed April 26, 1961.

B- 358, Woodward, K. E., Fluid Oscillator, No. 3124999, dated March 17,
1964, filed February 1, 1963, assigned to the United States of
America.

B- 359. Woodward, K. E., Artificial Heart Pump Circulation System, No.
3208448, dated September 28, 1965, filed February 2, 1962.

B-360. Wright, C. P., Jet Fluid Amplifier, No. 3283767, dated November 8,
1966, filed May 31, 1963, assigned to International Business
Machines Corporation.
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B-361.

B-362.

B-363.

B-364.

B-365.

B-366.

B-367.

B-368.

B-369.

Zalmanzon, L. A., Method of Automatically Controlling Pneumatic or
Hydraulic Elements of Instruments and Other Devices, No. 3295543,
dated January 3, 1967, filed February 12, 1960, assigned to Pneumo-
Hydraulic Automatic Control Laboratory of Automatic Control -and
Telemechanics Institute of the Academy of Sciences of the U.S.S.R.

Ziberfarb, S. N., Free-Running Oscillator, No. 3266508, dated
August 16, 1966, filed April , 1963, assigned to Sperry Rand
Corporation.

Zilberfarb, S. N. and E. M. Polter, Pure Fluid Velocity Modulated
Amplifier, No. 3182675, dated May 11, 1965, filed November 17, 1961,
assigned to Sperry Rand Corporation.

Zilberfarb, S. N., Transducer, No. 3182686, dated May 11, 1965,
filed March 28, 1962, assigned to Sperry Rand Corporation.

Zilberfarb, S. N., Pure Fluid Operated Counter, No. 3305170, dated
February 21, 1967, filed April 1, 1964, assigned to Sperry Rand
Corporation.

Zilberfarb, S. N., Fluid Device, No. 3247860, dated April 26, 1966,
filed April 22, 1963, assigned to Sperry Rand Corporation.

Zilberfafb, S. N., Fluid Stream Deflecting Means, No. 3208464,
dated September 28, 1965, filed April 22, 1963, assigned to Sperry
Rand Corporation.

Zilberfarb, S. N., Sequential Fluid Amplifier, No. 3124160, dated
March 10, 1964, filed June 29, 1962, assigned to Sperry Rand
Corporation.

Zisfein, M. B. and G. E. Martin, Fluid Amplifier, No. 3212515,
dated October 19, 1965, filed July 13, 1962, assigned to Giannini
Corporation.
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APPENDIX III-C

FLUIDIC SUBJECT INDEX

The following subject listings are cross referenced to the literature

and patent listings in Appendices III-A and III-B.
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I. Capabilities

A-1, A-4, A-8, A-9, A-10, A-47, A-50, A-52, A-62, A-72, A-95, A-99, A-110,
A-111, A-126, A-131, A-146, A-148, A-149, A-151, A-152, A-153, A-157,
A-163, A-168, A-194, A-202, A-219, A-249, A-260, A-261, A-262, A-267,
A-278, A-280, A-306, A-308, A-310, A-311, A-316, A-317, A-330, A-338,
A-359, A-360, A-367, A-383, A-384, A-394, A-395, A-396, A-397 through
A-407, A-418, A-442, A-443, A-465, A-476, A-477, A-481, A-493, A-500,
A-510, A-534, A-539, A-540, A-541, A-542, A-558, A-560, A-564, A-565,
A-581, A-582, A-585, A-620, A-621, A-622, A-623, A-636, A-639.

II. Commercial Applications

A-2, A-4, A-7, A-10, A-14, A-18, A-29, A-35, A-36, A-44, A-57, A-60, A-65,
A-69, A-70, A-80, A-88, A-97, A-98, A-108, A-109, A-137, A-144, A-154,
A-158, A-159, A-161, A-164, A-167, A-170, A-171, A-173, A-179, A-181,
A-182, A-186, A-191, A-192, A-211, A-218, A-233, A-254, A-267, A-269,
A-287, A-331, A-359, A-378, A-379, A-380, A-381, A-422, A-428, A-429,
A-443, A-489, A-493, A-510, A-531, A-557, A-562, A-563, A-569, A-570,
A-579, A-586, A-635, A-644. :

III, Aerospace Applications

A-12, A-20, A-27, A-30, A-32, A-35, A-36, A-50, A-56, A-57, A-61, A-63,
A-65, A-81, A-83, A-84, A-85, A-87, A-101, A-102, A-103, A-107, A-120,
A-132, A-134, A-146, A-166, A-168, A-169, A-194, A-222, A-225, A-240,
A-242, A-252, A-256, A-264, A-267, A-276, A-279, A-280, A-290, A-337,
A-360, A-373, A-392, A-408, A-409, A-460, A-468, A-475, A-492, A-493,
A-503, A-529, A-572, A-583, A-588, A-619, B-85, B-111, B-141, B-173,
B-186, B-187, B-353.

IV, Propulsion Applications

A-12, A-23, A-35, A-36, A-50, A-56, A-61, A-66, A-77, A-81, A-245, A-270,
A-410, A-467, A-547, B-69, B-83, B-103, B-108, B-111, B-160, B-186, B-187,
B-353.
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V. Basic Fluid Flow

A-6, A-19, A-25, A-38, A-40, A-41, A-42, A-43, A-45, A-46, A-49, A-51,
A-67, A-68, A-90, A-93, A-100, A-105, A-106, A-110, A-113, A-116, A-118,
A-122, A-123, A-129, A-145, A-150, A-174, A-175, A-176, A-189, A-190,
A-197, A-213, A-221, A-226, A-250, A-255, A-285, A-286, A-288, A-300,
A-304, A-307, A-312, A-315, A-318, A-320, A-321, A-325, A-341, A-374,
A-390, A-391, A-417, A-420, A-423, A-426, A-436, A-437, A-438, A-446,
A-453, A-454, A-469, A-470, A-471, A-485, A-490, A-491, A-497, A-512,
A-513, A-524, A-527, A-530, A-535, A-536, A-546, A-549, A-571, A-584,
A-592, A-607, A-608, A-609, A-626, A-627, A-628, A-645.

VI. Qigital Elements

A-1, A-7, A-14, A-15, A-17, A-23, A-28, A-29, A-39, A-52, A-59, A-77,
A-86, A-96, A-127, A-136, A-177, A-178, A-179, A-180, A-189, A-203, A-210,
A-215, A-217, A-221, A-223, A-224, A-238, A-241, A-254, A-257, A-258,
A-263, A-266, A-272, A-277, A-282, A-283, A-284, A-285, A-288, A-297,
A-301, A-305, A-314, A-322,-A-326, A-327, A-345, A-354, A-362, A-365,
A-375, A-376, A-377, A-380, A-382, A-385, A-388, A-390, A-419, A-421,
A-426, A-427, A-438, A-439, A-440, A-441, A-445, A-447, A-449, A-450,
A-451, A-452, A-498, A-499, A-519, A-521, A-528, A-537, A-556, A-566,
A-573, A-577, A-587, A-595, A-596, A-603, A-604, A-605, A-611, A-613,
A-614, A-615, A-617, A-618, A-632, A-634, B-8, B-23, B-25, B-26, B-28,
B-32, B-33, B-98, B-99, B-193, B-198, B-199, B-236, B-245, B-247, B-248,
B-256, B-260, B-270, B-280, B-324, B-340.

VII. Analog,Elements

A-1, A-7, A-30, A-32, A-33, A-47, A-48, A-91, A-104, A-119, A-121, A-133,
A-135, A-136, A-165, A-188, A-277, A-289, A-333, A-334, A-336, A-344,
A-348, A-413, A-436, A-437, A-466, A-484, A-490, A-491, A-494, A-496,
A-545, A-548, A-602, A-636, A-643, B-36, B-37, B-38, B-39, B-208, B-210.

3-C3



VIII. Valves and Power Elements

A-2, A-23, A-35, A-36, A-38, A-42, A-66, A-82, A-89, A-121, A-140, A-141,
A-220, A-224, A-239, A-240, A-256, A-257, A-258, A-259, A-264, A-265,
A-274, A-292, A-298, A-302, A-329, A-346, A-376, A-380, A-385, A-391,
A-411, A-412, A-414, A-424, A-430, A-433, A-435, A-455, A-461, A-467,
A-473, A-501, A-515, A-516, A-517, A-518, A-520, A-547, A-568, A-578,
A-587, A-605, A-606, A-616, A-625, A-638, A-642, A-643, B-13, B-27, B-32,
B-73, B-82, B-94, B-108, B-113, B-116, B-161, B-165, B-193, B-194, B-198,
B-199, B-202, B-209, B-212, B-213, B-216, B-241, B-262, B-318, B-354.

IX. Passive Elements and Interconnects

A-41, A-55, A-78, A-114, A-115, A-125, A-138, A-139, A-142, A-197, A-207,
A-212, A-244, A-247, A-248, A-251, A-268, A-319, A-324, A-342, A-343,
A-347, A-352, A-361, A-365, A-417, A-448, A-462, A-474, A-502, A-511, A-
610, A-612, A-624, B-197, B-200, B-263, B-268, B-271, B-311.

X. Sensors and Interface Devices

A-3, A-5, A-13, A-52, A-6, A-94, A-147, A-184, A-193, A-214, A-243,
A-246, A-299, A-305, A-309, A-333, A-334, A-350, A-364, A-370, A-415,
A-416, A-445, A-459, A-483, A-517, A-518, A-522, A-523, A-550, A-568,
A-576, A-590, A-603, A-614, A-615, A-638, B-7, B-9, B-35, B-40, B-45,
B-54, B-56, B-59, B-77, B-78, B-86, B-136, B-137, B-148, B-149, B-174,
B-215, B-221, B-223, B-235, B-240, B-246, B-253, B-279, B-301, B-305,
B-317, B-364, |

XI. Pneumatic Logic-Moving Parts

A-24, A-44, A-60, A-69, A-114, A-124, A-127, A-143, A-198, A-357, A-476,
A-477, A-550, A-589, A-591, A-637.
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XII. Digital Systems

A-11, A-16, A-18, A-20, A-21, A-22, A-24, A-26, A-27, A-28, A-29, A-39,
A-44, A-57, A-60, A-64, A-66, A-69, A-80, A-85, A-87, A-88, A-97, A-98,
A-148, A-158, A-159, A-161, A-182, A-186, A-203, A-204, A-205, A-211,
A-254, A-263, A-272, A-273, A-284, A-291, A-296, A-322, A-328, A-339,
A-377, A-378, A-392, A-427, A-431, A-441, A-463, A-464, A-487, A-489,
A-507, A-508, A-509, A-514, A-528, A-544, A-574, A-577, A-594, B-159,

XIII. Analog Systems

A-20, A-22, A-30, A-32, A-34, A-47, A-53, A-54, A-56, A-57, A-62, A-63,
A-64, A-65, A-85, A-107, A-108, A-109, A-120, A-134, A-279, A-293, A-294,
A-295, A-296, A-299, A-333, A-334, A-335, A-354, A-368, A-369, A-488,
A-495, A-505, A-532, B-49.

X1V, Hybrid Systems

A-56, A-57, A-144, A-198, A-357, A-377, A-456, A-562, A-563, A-575, A-629.

Xv, Component Performance

A-1, A-26, A-31, A-33, A-34, A-58, A-84, A-86, A-111, A-117, A-135, A-155,
A-185, A-188, A-196, A-199, A-201, A-206, A-209, A-210, A-216, A-217,
A-227, A-251, A-265, A-275, A-297, A-301, A-323, A-340, A-351, A-366,
A-393, A-425, A-439, A-444, A-457, A-472, A-504, A-519, A-543, A-548,
A-554, A-555, A-567, A-580, A-593, A-632, A-633.

XVI. System Analysis and Design

A-31, A-33, A-34, A-45, A-51, A-53, A-54, A-55, A-61, A-64, A-71, A-T7S,
A-76, A-78, A-84, A-86, A-89, A-97, A-98, A-104, A-130, A-138, A-139,
A-156, A-180, A-183, A-185, A-208, A-209, A-212, A-244, A-251, A-264,
A-271, A-294, A-296, A-303, A-340, A-354, A-358, A-412, A-427, A-486,
A-487, A-505, A-514, A-533, A-538, A-612, A-631.
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XVII. Instrumentation Techniques

A-37, A-52, A-58, A-94, A-112, A-117, A-150, A-156, A-332, A-356, A-412,
A-472, A-486, A-525, A-526, A-551, A-561, A-572, A-630.

XVIII. Fabrication

A-71, A-89, A-172, A-281, A-355, A-421, A-431, A-588, A-597, A-598, A-599
A-600, A-601.

XIX. Symposia and Abstracts

A-73, A-92, A-128, A-160, A-162, A-195, A-226, A-228, A-229, A-230, A-231
A-232, A-234, A-235, A-236, A-237, A-371, A-432, A-458, A-479, A-480,
A-482, A-552, A-553, A-559.

H]
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APPENDIX III-D

FLUIDIC STANDARDS
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TERMINOLOGY
General

Fluidics - The general field of fluid devices or systems performing
sensing, logic, amplification and control functions employing primarily
no-moving-part (flueric) devices.

Flueric - An adjective applied in some quarters to fluidic devices and
systems performing sensing, logic, amplification, and control functions
using no moving mechanical elements.

Elements - The general class of devices in their simplest form used to
make up fluidic components and circuits; for example, fluidic restrictors

and capacitors, a proportional amplifier or an OR-NOR logic gate,

Analog - The general class of devices or circuits whose output is utilized
as a continuous function of its input or control port; for example, a
proportional amplifier.

Amplifier - An active fluidic component which provides a variation in out-
put signal greater than the impressed control signal variation. The
polarity of the output signal may be either positive or negative relative
to the control signal. The level of the control signal may be greater or
less than the output level.

Pressure Amplifier - A component designed specifically for amplifying

pressure signals.

Flow Amplifier - A component designed specifically for amplifying flow
signals.

Power Amplifier - A component designed specifically for increasing

signal power,
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Vented vs. Closed Amplifier - A vented amplifier utilizes auxiliary ports

to establish a reference pressure in a particular region of the amplifier
geometry. A closed amplifier has no communication with an independent
reference. Terminology usage for the geometry is illustrated in Figures
3-D1 and 3-D2.

Digital - The general class of devices or circuits whose output is utilized
as a discontinuous function of its input or control port; for example, a

bistable amplifier.

Logic Device - The general category of digital fluidic components which
perform logic functions; for example AND, NOT, OR, NOR, and NAND. They
can gate or inhibit signal transmission with the application, removal,

or other combinations of control signals,

Flip-Flop - A digital component or circuit with two stable states and
sufficient hysteresis so that it has "memory". Its state is changed with
a control pulse; a continuous control signal is not necessary for it to

remain in a given state.

Active - The general class of devices which control power from a separate

supply.

Passive - The general class of devices which operate on the signal power

alone.

Sensor - A component which senses variables and produces a signal in a
medium compatible with fluidic devices; for example, a temperature or

angular rate sensor.

Transducer - A component which converts a signal from one medium to an
equivalent signal in a second medium, one of which is compatible with

fluidic devices.

Actuator - A component which converts a fluid signal into an equivalent

mechanical output.
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Display - A component which converts a fluid signal into an equivalent

visual output.

Specific Elements

Jet Interaction Amplifier - An amplifier which utilizes control jets to

deflect a power jet and modulate the output. Usually employed as an
analog amplifier. Terminology usage for the geometry is illustrated in
Figures 3-D1 and 3-D2.

Wall Attachment Amplifier - An amplifier which utilizes control of the

attachment of a free jet to a wall (Coanda effect) to modulate the output.
Usually employed as a digital amplifier. Terminology usage for the

geometry is illustrated in Figure 3-D3.

Vortex Amplifier - An amplifier which utilizes the pressure drop across a

controlled vortex for modulating the output. Terminology usage for the

geometry is illustrated in Figure 3-D4.

Boundary Layer Amplifier - An amplifier which utilizes the control of the

separation point of a power stream from a curved or plane surface to
modulate the output. Terminology usage for the geometry is illustrated in

Figure 3-D5.

Turbulence Amplifier - An amplifier which utilizes control of the laminar-

to-turbulent transition of a power jet to modulate the output. Terminology

usage for the geometry is illustrated in Figure 3-D6.

Axisymmetric Focussed Jet Amplifier - An amplifier which utilizes control

of the attachment of an annular jet to an axisymmetric flow separator,
(that is, control of the focus of the jet) to modulate the output. Usually
employed as a digital amplifier. Terminology usage is illustrated in

Figure 3-D7.
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Impact Modulator - An amplifier which utilizes the control of the intensity

of two directly opposed, impacting power jets thereby controlling the
position of the impact plane to modulate the output. Terminology usage

is illustrated in Figure 3-D8.

Throat-Injection Amplifier - An amplifier which utilizes auxiliary flow at
a nozzle throat for a control signal to modulate the output flow. Pressure

level of the control signal may either be above or below local throat

pressure to result in a positive or negative (suction) quiescent control

flow.

Resistor - Passive fluidic element which because of viscous losses pro-
duces a pressure drop as a function of the flow through it and has a
transfer function of essentially real components (i.e., negligible phase

shift) over the frequency range of interest.

-

Capacitor - A passive fluidic element which, because of fluid compressi-
bility, produces a pressure across the device which lags net flow into it

by essentially 90 degrees.

Inductor - A passive fluidic element which, because of fluid inertance,
has a pressure drop across it which leads flow through it by essentially

90 degrees.
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Figure 3-D4 Vortex Amplifier
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Focused-jet amplifier: (a) Typical cross section, (b) Flow pattern with

no control flow, (c) Flow pattern with control flow.
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NOMENCLATURE AND UNITS

Basic Quantities

The quantities listed below are general; specific quantities should be

identified by subscripts (e.g.,

ggantitz

Nomenclature

Length

Force

Mass

time

angle

frequency

area

acceleration
gravitational constant
temperature, static

temperature, total
velocity, angular
acceleration, angular
volume

weight density

mass density

weight flow rate

mass flow rate
volume flow rate
velocity, general

velocity, mean

*The International System of Units

= | o > Hh t

)

c O B £ ®© = < R

e

(std)

inch; in

pound, 1b

1b-sec2/in

seconds; sec

degrees; °

cycles/sec; cps

in

in/sec2

in/sec2

degrees Rankin
°R

°R

rad/sec

rad/sec2

in

1b/in>

lb-secz/in4

1b/sec

lb-sec/in

ins/sec

in/sec

in/sec
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would be pressure at port 02).

Units

(sn)*

(meter, m)

(newton; N)

(kilogram; kg)

(seconds; s)

(radians; rad)

(h;rtz; Hz)

(m™)

(m/s%)

(/s°)

(degrees Kelvin;
°K)

°K

(rad/s)

(rad/sz)

@)

(N/m)

(kg/n”)

(N/s)

(kg/s)

@>/s)

(m/s)

(m/s)



Quantity Nomenclature Units
velocity, acoustic u. in/sec (m/s)
pressure, general 1b/in2 or psi (N/mz)
pressure, absolute a psia ‘(N/mz)
pressure, gage or

drop Pg psig (N/mz)
power W lb-in/sec (Nm/s)
specific heat ratio k dimensionless
absolute viscosity » lb-sec/in2 (N-s/mz)
kinematic viscosity v in2/sec (mz/s)
liquid bulk modulus 8 1b/in? (N/m%)
efficiency n dimensionless
fluid impedance YA sec/in2 (N-s/mszg)
fluid resistance R sec/in2 (N-s/mz-kg)
fluid capacitance c in? (kg-m/N)
fluid inductance L . secz/in2 (N-sz/kg-mz)
Mach number M dimensionless
Laplace operator s 1/sec (1/s)
pressure gain GP dimensionless
flow gain, average GF dimensionless
flow gain, incremental GFi dimensionless
power gain, average GP dimensionless
power gain,

incremental Gpi dimensionless
signal - noise ratio S/N dimensionless
General Subscripts
control c
output 0
supply s
control, quiescent co
control differential cd
output differential od
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SCHEMATICS

The function of the schematics is to enable the circuit designer to employ
meaningful and specific symbols in drawings and schematics which will
clearly define the function as well as the type of device employed to per-

form that function.

General

Submerged jet path and flow channels

Supply port )

vent port \J

control:

—~arrow-head on control line indicates continual flow required to

maintain state, no memory (no hysteresis)

—no arrow-head on control line indicates element has memory (has

useful hysteresis).

Logic Notation

AeB = A "and" B
A+B=SA'"or"B
KReB = "not" A and "not" B

Port Marking - Port nomenclature shown on schematics need not be used on

schematic diagrams; the nomenclature may be useful, however, in correlating
test data and specification data with the physical device.
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Analog Amplifiers

Jet Interaction Amplifier

S - supply
ol o2 Cl - left control port
C2 - right control port
01 - left output
¢l c2
' 02 - right output
]

~ Operating Principle - Jet interaction (proportional)

Vortex Amplifier

o
S - supply
C - control port
0 - output .
¢
’ N

Operating Principle - vortex

Boundary Layer Control Amplifier

S1 - passive leg supply
|
y N S2 - active leg supply
C - control port
¢ 01 - left output
) 2 02 - right output

Operating Principle - separation point control
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Impact Modulator

$2 S1 - controlled supply
S2 - supply
0 C - control port
c 0 - output
L

Operating Principle - Jet impact

Digital Amplifiers

Wall Attachment Flip-Flop
(has memory - relatively wide hysteresis loop)

ol S - supply
02 Cl - left control port
C2 - right control port
¢l 2 01 - left output
02 - right output
S

Operating Principle - wall attachment

Axisymmetric Focussed-Jet Flip-Flop

9 S - supply
C - control port
\\ 0 - output
S
¢

Operating Principle - annular wall attachment
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Digital Amplifier
(no memory - essentially zero width hysteresis loop)

ol 02 S - supply
Cl - left control port
C2 - right control port
¢ c2 01 - left output

s 02 - right output

Operating Principle - Jet interaction

Or-Nor

- § - supply

ol 02 ' C1, €2, C3 - control ports
01 - Cle C2e(C3 - output
¢ 02 - C1+C2+C3 - output

(:‘:23 + - indicates Or

Operating Principle - wall attachment, geometrical biasing

Or-Nor
o1 02 S - supply
Cl, C2 - control ports
01 - left output
%; e 02 - right output
r B - bias port

+ - Or output
Operating Principle - wall attachment, fluid biased
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Nor

0 S -
C1, C2 -
0 -
(4]
c2 + .
(]

Operating Principle - wall attachment

Nor
0 S -
Ci, C2 -
0 -
(4] .
e
$

Operating Principle - turbulence

And/Nand
ol S -
g C1, C2 -
01 -

(o]
c2 02 -
* .

H

Operating Principle - wall attachment
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supply port
control ports
output port

indicates Nor

supply
control ports
output
indicates Nor

supply

control ports
Cl + C2 output
Cl e C2 output
indicates And



Passive Logic Devices

Exclusive Or/And

ol 02 Cl, C2 - control ports
01 - CleC2 output
02 - C1+C2 output

ct

Operating Principle - wall attachment

Cl, C2 - control ports
0 - output

Operating Principle - Jet interaction

And

Cl, C2 - control ports
0 - output

¢t ce

Operating Principle - Jet interaction
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2/3 And

02

Cl, C2 - control ports

01, 02, 03 - outputs

c c2

Operating Principle - Jet interaction

General Circuit Elements

GENERAL IMPEDANCE

—

CAPILLARY (LAMINAR)
RESTRICTION

S——”’

P

VOLUME CAPACITANCE

—(O—

RETURN TO RESERVOIR

L]

LINE CROSSING

I

connection

no
connection

3-

ORIFICE
(TURBULENT RESTRICTION)

X

INDUCTANCE

DELAY LINE

oL

EXAMPLE OF RESERVOIR
RETURN

L
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DEFINITIONS

General

Fluid Resistance - R; for average value, resistance is the ratio of

pressure drop (AP) to weight flow rate:

AP sec ( Ns\
m2

R

w . 2
in

For incremental fluid resistance:

sec { Ns \

R = dP
dw i.n2 \mz kg/

Fluid Capacitance - C; ratio of integrated weight flow to change in

pressure.

2

for gases C = Vi in (m2 -kg/N)

kXRT

for liquids C = _YV_  in® (m -kg/N) .
B
where R is the gas constant.
In general AP = C%— Aw, where AP represents a small change in pressure
and Aw represents a small change in net weight flow rate. (s = Laplace

operator)

Fluid Inductance - L; ratio of pressure change (AP) to rate of change of
weight flow (sAw)

L= vy set:2 (SZN)
gA in2 ;"Tkg

where y = channel length and A = channel cross sectional area.
In general AP = Ls Aw,where AP represents a small change in pressure drop
along a channel and Aw represents a small change in weight flow rate.
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Digital Elements

Pressure Gain - The ratio of the output pressure change to control pressure

change required for switching to occur. Data shall be taken in the vicin-

ity of the operating point and load shall be specified.

Flow Gain - The ratio of the output flow change to control flow change
required for switching to occur. Data shall be taken in the vicinity of

the operating point and load shall be specified.
Power Gain - The ratio of the change in output power to the change in

control power required for switching to occur. Data shall be taken in the
vicinity of the operating point and load shall be specified.

Pressure Amplification - The ratio of the absolute value of the maximum

output pressure divided by the absolute value of the maximum control
pressure shall be used to determine the pressure amplification. Data is
understood to be at the switch points and load shall be specified.

Flow Amplification - The ratio of the maximum output flow level divided
by the maximum control flow shall be used to determine flow amplification.
Data is understood to be at the switch points and load shall be specified.

Power Amplification - The ratio of the output power to the control power
in the switching region shall be used to determine the power amplification.

Load shall be specified.

Fanout - The number of digital elements which can be controlled from the
output of a single identical element operating at a common power nozzle
pressure. It should be noted that fanout may be affected by operating
speed.
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Response - An indication of response characteristics is the propagation
delay which occurs in response to an approximate step control of recom-
mended amplitude. Propagation delay is the time between the instant the
control reaches 50% of final value and the instant the output reaches

50% of the final value as indicated in Figure 3-D9. Load shall be speci-
fied if the response is load sensitive.

Noise - The peak-to-peak amplitude of the pressure noise of the device
in psi will be listed. Load shall be specified.

Output

Control

Propagation Time

Delay

Figure 3-D9 Propagation Delay Definition
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Hysteresis - Width of the hysteresis loop as measured on a control output
curve and expressed as a percentage of the supply conditions, e.g., flow
hysteresis is the hysteresis loop width (measured on a control output
flow curve) divided by the supply flow. (See Figure 3-D10). Flow
Hysteresis (%) =-Aw/ws x 100.

h— A'W—q
Output

" ——

Control

Figure 3-D10 Hysteresis Definition

Control Impedance - ZC’ the ratio of control pressure change to flow
change measured at a control port; value may depend on operating point
since output pressure-flow curve may not be linear.

OQutput Impedance - ZO’ the ratio of output pressure change to flow
change measured at an output port; value may depend on operating point

since output pressure-flow curve may not be linear.
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Proportional Elements

Pressure Gain - The slope of the curve of output pressure versus control

pressure (See Figure 3-D11) in the vicinity of the operating point shall

be used to establish pressure gain.

Flow Gain - The slope of the curve of output flow versus control flow
(See Figure 3-D12) in the vicinity of the operating point shall be used

to establish gain.

Power Gain - The change in output power divided by the change in control
power. Power gain shall be calculated around the operating point for

small changes (less than 10% of saturation) of control power.

Pressure Amplification - The ratio of the absolute value of output
pressure divided by the absolute value of the control pressure shall be

used to determine the pressure amplification. End point values of the
useful range or saturation values may be used (See example Figure 3-D11).

Flow Amplification - The ratio of the outlet flow divided by the control

flow shall be used to determine the flow amplification. End point values

of the useful range or saturation values may be used (See example Figure

3.D12).

Power Amplification - The ratio of the outlet power to the control power

shall be used to determine the power amplification. As in pressure and

flow amplification, the end point values of the useful range or saturation

values may be used.

Output Output s w
Pressure. P Pressure gain * AP, Flow, w, Flow Gain = A_L

(psia) &P (lbs/ sec) Ve
Pressure ¢t Pog Flow Amplification = :—:ﬂt-
Amplification * &Py ¢

Control Pressure, P_ (psia} Control Flow, w. (1b/ sec)
Figure 3-D11. Pressure Gain Figure 3-D12. Flow Gain
Definition Definition
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Frequency Response - Frequency response is fully described by a gain/

phase plot. An indication of frequency response is the frequency at which
the output signal lags the control signal by 45 degrees for a specified
load and control amplitude.

Noise - The peak-to-peak amplitude of the pressure noise of the device in
psi will be listed. Element load used during test shall be specified.

Saturation - The maximum output value regardless of control magnitude.
(See Figure 3-D13).

Saturation
Output ~ —
q Measured
T Curve
Output ‘
———
Control

Figure 3-D13 Saturation Definition

Linearity - Deviation of the measured curve from the straight-line
average gain approximation; defined as the ratio of the peak-to-peak out-
put deviation to peak-to-peak output range (range should be stated if

other than maximum output level) expressed as a percentage., (See Figure
3-D14).
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£ Lot

77

Measured
Control -Output
Curve

Linearity (%) = f x 100

—Control -

Figure 3-D14 Linearity Definition

Hysteresis - Total width of hysteresis loop expressed as a percent of
peak-to-peak saturation control signal. Measurement to be at frequencies

below those where dynamic effects become significant. (See Figure 3-D15).

Output

— Contro]l =

Hysteresis (%)
‘ =d/i x 100

7L—i |

Figure 3-D15 Hysteresis Definition
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Control Impedance - ZC’ the ratio of pressure change to flow change

measured at a control port. Numerical value may depend on operating
point since control pressure-flow curve may not be linear. (See Figure
3-D16). For active elements the power source should be connected for

measurements.,

w/w

S Slope=1/Z¢
Operating
Point

C

AP

Pc/Pg

Figure 3-D16 Control Impedance Definition

Output Impedance - Zo, the ratio of pfessure change to flow change

measured at an output port. MNumerical value may depend on operating
point since output pressure-flow curve may not be linear. (See Figure
3-D17).

/P

P

(O M

Figure 3-D17 Output Impedance Definition
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IV. VALVE ACTUATOR STUDY

This study reports the results of work performed to investigate the

performance, applications, and limitations of actuation devices used to
operate valves for controlling the flow of liquid chemical rocket pro-
pellants. Several problem areas are defined. New approaches to valve

actuation were investigated and several concepts presented.
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VALVE ACTUATOR RATING ANALYSIS CHART

A rating analysis was used to document the results of the surveys and to
define the areas where an advancement in the state of the art of valve
actuation is required. The rating analysis is presented in a chart on the
following page. A rating is assigned to each type of actuator in defining

its performance with propellants and in the space environment.

The ratings assigned to the various combinations of actuators and

parameters are defined as follows:

RATING

1 A problem exists for which there is no
satisfactory solution under the present
state of the art.

2 A problem exists but a solution may be
available within the present state of the art.

3 Satisfactory - i.e., within the state of the art.

U Necessary information upon which to base a
judgment was unobtainable.

NA Parameter not applicable.

In some cases as indicated on the chart, a differentiation in values was

made for manned missions.

All the ratings were based on the actuator operating in space for up to

10 years. The time, temperature and environmental parameters, i.e.,
radiation and vacuum, were considered in rating the propellants, functional
parameters and application-to-valve types. Ratings pertaining to actuator
performance with propellants were based on compatibility of material of
construction. The functional parameters were rated based on expected

actuator performance requirements in the next 5 to 10 years.
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ACTUATOR STUDY

The objectives of this study are to briefly describe the various types of
actuators which are used or may be used for actuating valves on chemical
spacecraft rocket engines. Actuator applications are briefly discussed;
however, emphasis was placed on the limitations of the various actuator
types. The category of actuators investigated under this study are:

electromechanical, pneumatic, hydraulic, chemical and thermal.

The above actuator types were considered in applications to the following
valve types: flow metering, shutoff, relief, cold gas regulator, hot gas
regulator, liquid regulator, gas disconnect and liquid disconnect. Actuator
performance was considered and included the effects of propellants on the
actuator materials of construction. Also considered were the functional
requirements such as temperature, power, operating life, contamination,
response, weight, effects of vibration and leakage; and the effects of the
space environments for a period of up to 10 years.

The effort undertaken to achieve these objectives included a literature
survey, interviews with several agencies, analysis of applications, limi-
tations of actuation techniques and, where applicable, a review of problem

areas presently recognized by valve users throughout the aerospace industry.

Electromechanical Actuators

The electromechanical valve actuators in common use for application to
liquid propulsion controls operating in space include the solenoid, motor
drive and torque motor. The solenoid and torque motor valve actuators in
present use are principally applicable to small shutoff valves and on pilot
valves for use on pneumatic and hydraulic actuators. Motor drives are
presently used where higher actuation forces are required and for position-
ing the metering pintle in the larger flow metering valves. Piezoelectric
actuators are being investigated and used experimentally. They hold pro-

mise for future spacecraft use.
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Solenoid Valve Actuators

The solenoid actuator is applicable to short stroke valves and valves
requiring low force output and high response. Size, weight, power and
response increases with an increase in stroke and solenoid force require-
ments. A limitation of the solenoid is the continuous applied current
necessary to hold the plunger at the end of its stroke. If the duration
of lock-up is long, the coil temperature may increase and cause insulation
failure. Latching solenoids which mechanically lock the plunger in posi-
tion are commonly used to avoid the necessity for long term holding cur-
rents. Magnetic latching utilizing a permanent magnet which holds the

plunger in position is common for small solenoid valves.

Solenoid valve actuators operating in propellants represent a severe
limitation since high performance magnetic core materials, being high iron
alloys, are attacked by a number of the fuels and oxidizers. In addition,
these materials are rather difficult to plate since they exhibit surface
imperfections which are difficult to bridge. If a tight plating is not
accomplished, corrosion will cause rapid unit failure. Plating materials
such as nickel and chromium have been used in plating the ‘magnetic core
materials; however, a flaking of these platings has been observed in pro-
pellants such as hydrazine and this has resulted in functional valve
failures. The plating materials used were compatible with the propellants;
hc.ever, it is possible that some small imperfections in the plating, as
installed, due to wear, or due to dimensional changes resulting from resi-
dual stresses or magneto striction of the core, allowed some propellant to
contact the core material. This would allow corrosion to commence under

the plating, causing it to flake off.

Techniques are being sought to overcome these problems. One such techni-
que was developed by the Parker Aircraft Company for use on the Apollo
Project and consists of a vapor deposited gold barrier plating which is
then diffused into the core surface. This coating was successful in pro-
viding the required protection against N204, hydrazine and the nitric acid
formed due to water flush of the system. Chrome diffusion coatings effec-

tively prevent core material corrosion but the temperatures involved in the
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diffusion process must be carefully controlled or a transition from alpha
to gamma phase iron will occur with an accompanying reduction in magnetic
properties. The quantity of chrome must be carefully controlled as it also
degrades the magnetic properties of the materials. If wet coils are used,
the core potting material must withstand the propellant, and insulation

flaking must be controlled or contained to prevent valve contamination.

A technique involving complete encapsulation of the magnetic core material
with an austenitic stainless steel sheath has been employed, as have ferri-
tic stainless steel cores. Both of these approaches markedly decrease core
performance, resulting in larger coils, higher power levels, or slower

valve response.

Techniques involving the use of a diaphragm to separate the core material
from the propellant have been used successfully. The diaphragm also pro-
vides flexure type bearing for the valve poppet and thus eliminates any
sliding, moving parts. A typical valve is shown schematically in Figure
4-1, If high pressures are used in a valve of this design the pressure
across the diaphragm must be balanced. One typical approach to this is to
pierce the diaphragm with a small hole and use it as a bearing only. If
this is done, the core material must once again be protected from propellant
attack.

FLUID PORTS
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Figure 4-1. Schematic: Diaphragm Sealed Solenoid Valve



Solenoid actuators are within the state of the art for temperatures to 20°K
or less, but are limited at higher temperatures due to material softening,
winding insulation breakdown, and loss of magnetic properties in the core

material.

Solenoids for use at temperatures in excess of 1000°F have been fabricated
on a special order basis. The use of beryllium as a winding material for
high and low temperature solenoid applications is attractive due to its
high softening temperature, tenacious insulating anodic oxide film and low
electrical resistivity. The use of beryllium for both high and low tem-
perature applications has been investigated. The results of these investi-
gations appear in the Advanced Valve Technology Interim Report, dated

1 November 1966, (Report No. 06641-6004-R000, Contract NAS 7-436).

Motor Drive Actuators

Electric motor driven valve actuators are used principally in large
valves with modest response requirements. They are particularly useful in
the fine positioning of pintles in precision metefing valves and in heavily.
loaded shutoff valves.

Material compatibility limitations with motor driven actuators are similar
to those in solenoid valves when they are immersed in propellants. These
have been overcome in some cases by canning the motor rotor and field in a
nonmagnetic stainless steel. This, however, does decrease motor perfor-
mance. Problems are caused in dc motors due to commutation requirements.
Since many propellants are electrical conductors, immersed brushes cannot
be used. Lubricants required for use on bearings and gears may not be
propellant compatible. These problems may be partially overcome by sealing
the motor from the propellant; however, zero leakage (10-7 sccs) dynamic
shaft seals are not within the present state of the art. Bellows or dia-
phragm hermetic shaft feed throughs may be used but these are bulky and are

limited in pressure capabilities and cyclic life.

When shaft seals are used, the motor housing is often pressurized with a

gas such as nitrogen to approximately the propellant pressure. This reduces
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the pressure difference across the seal and minimizes the possibility of
leakage into the motor. Exposure to the propellant vapor must be assumed

in this type system.

Motor drives exposed to space vacuum may experience brush arcing, lubricant
loss and cold welding of sliding parts. This may be partially alleviated
through the use of brushless motors, special brushes, lubricants and

materials, or by hermetically sealing the motor.

Minimizing the power input to servo motors used in positioning metering
valves is an important consideration. A recent concept being developed by
the Jet Propulsion Laboratory minimizes the power input required to6 a
servoactuator through the use of a spring energy storage element analogous
to a hydraulic accumulator. A low-powered electric motor of .02 hp running
continuously is employed to produce momentary power output of .602 hp. The
system operates as follows:

The electric motor drives the spring mechanism through a gear
reducer. The spring output is attached to a reversing planetary
drive, which also incorporates governors for speed control. Re-
versal of direction is.accomplished by a brake system which can
hold one of the ring gears stationary while the other is left free.
The output is taken by a ball-nut and converted into linear motion

for use in positioning (as for a valve pintle).

The following is a brief resume of the system's design goals:

Initial breakaway force 1000 1b
Available start force (springs) 400 1b
Available operating force 200 1b
Available stroke 1 in.
Time for 1 in. stroke .05 sec
Peak output power .602 hp
Average input power .02 hp

4-8



The average output power cannot exceed the steady-state input power so the
duty cycle for continuous operation is 1-1/2 seconds between full stroke
cycles. The springs store enough energy for 4 complete cycles without

depending on the input motor.

Torque Motor Actuators

Torque motor actuators are used primarily in small-to-medium metering
and shutoff valves. They are often used in positioning spool type servo-
valves. Torque motor actuators which are directly immersed in propellants
share the magnetic material and insulation compatibility problems experi-

enced with both the solenoid and motor driven actuators.

Several valve manufacturers have used flexible elements to isolate the
torque motor from the propellant. These elements include the diaphragm
pivots and flexing, thin-walled tubes. The diaphragm seal must be kept
thin, to minimize torque and therefore, is normally limited to relatively
low pressures. Diaphragm deflection with pressure may change critical air
gaps, causing changes in actuator performance. This may be minimized by
filling the motor cavity with an incompressible fluid such as an oil, to
eliminate diaphragm flexing with line pressure changes. An oil fill has
also been used to act as a vibration damper, particularly in the thin-
walled tube designs. The thin-walled tubes used in some design have been
found to fatigue, causing premature failures, particularly under vibration.
A definite need has been expressed for a reliable low torque hermetic seal

for use with torque motor actuators.

Piezoelectric Valve Actuators

Piezoelectric valve actuators are not presently in use in spacecraft;
however, they hold promise for use in both shutoff and metering type valves.
Piezoelectric actuators operate due to the change in dimension in certain
materials when they are placed in an electric field. Changes of dimension
of approximately 0.1 percent are readily obtainable with high force levels.
These deflections require relatively high voltages which may range from

approximately 300 to 3,000 volts depending on the material properties and
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actuator configuration. Materials exhibiting good piezoelectric properties
are normally quite brittle in nature. They have high compressive strength
but relatively low (on the order of 10 times less) tensile strength. Any
actuator design must take these material limitations into account. One
typical approach to limiting this problem is preloading the piezoelectric

material in .compression.

The advantages of the piezoelectric actuator include low power consumption,
precise positioning capabilities and high output force levels. When used
on spacecraft which carry electric propulsion systems, the voltages re-
quired are easily obtained; otherwise, some type of power conditioning is
required. If a large number of valves aboard are using piezoelectric

actuation, the weight penalty for the power conditioning should be small.

Pneumatic Valve Actuators

Pneumatic actuators are used on large valves where the weight, power and
size of an electromechanical actuator might be too great; and in metering
valves such as pressure regulators, flow regulators and relief valves.
They are the obvious choice in gas systems. Pneumatically actuated valves
are piloted with small solenoid or torque motor actuated valves when an

electrical actuation signal is required.

Where liquid propellant valves are used, pneumatic pressure for actuation
is supplied from a separate source. This source may be a pressurized gas
cylinder or a gas generator drawing fuel from the propellant line itself.

The advantages of pneumatic actuation include:

1) High actuation forces in a small lightweight package

2) Overboarding of gases rather than liquid propellants

Most pressurant gases such as nitrogen, hydrogen, helium, argon or oxygen
exhausting directly to space vacuum will not cause a freezing or snow pro-
blem when the gas is initially at room temperature, unless there is consi-
derable water vapor present in the gas supply. Exhausting of moist gases

could possibly result in a freezing (snow) problem.
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Gas system relief valves and regulators are examples of pneumatic actuated
valve types applicable over a broad range of sizes. Pneumatic actuators
have an extremely wide range of operating temperatures from well below 20°K

(36°R) to as high as a material may be made to contain the working fluid.

The advantages of pneumatically driven piston actuators are light weight,
small size and design simplicity. Limitations are possible piston dynamic
seal leakages, particularly at temperature extremes, and rubbing bearing
problems. Piston actuators have been operated at temperatures ranging
from 36°R to over 2000°F.

Bellows sealed pneumatic actuators provide a hermetic sealing capability
over an extended range of temperatures and pressures. They do, however,
complicate the design. Bellows actuators are more sensitive to vibration
than piston or diaphragm types and tend to be heavier, particularly at

high pressures. Life is limited by the fatigue life of the bellows material.
Bellows sealed actuator designs tend to be heavier and larger than piston

actuators for the same pressure and stroke capability.

Diaphragm sealed pneumatic actuators also provide a hermetic seal over a
broad temperature and pressure range. They are relatively insensitive to
vibration and light in weight for short stroke requirements. These actua-
tors are limited in stroke for reasonable diaphragm diameters. Diaphragm
actuators will withstand high overpressures without damage if the diaphragm
is supported by a backing plate reproducing the free diaphragm contour at
that deflection.

Pneumatic rotary positive displacement actuators include vane, Roots, gear
and nutating disc motors. These have weight and size advantages in large
valve sizes. Their complexity, leakage and the rubbing contacts involved

in the bearings, gears, seals, etc., limit their use to large-sized valves.

Pneumatic turbine actuators are small in size and weight for their power
output but require relatively large quantities of gas for operation. This

limits their use to relatively specialized applications.
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Hydraulic Actuators

Hydraulic actuators have been used for valves in spacecraft where actuation
forces exceed the level normally attainable with solenoid actuators for the
same size and weight. They are generally used to actuate large shutoff
valves and metering type valves such as pressure regulators, flow regulators
and relief valves. Like the pneumatic valve actuator, hydraulic units are

often piloted with a small solenoid, or torque motor actuated valve,

Electromechanically actuated pilot valves are not normally isolated from
the propellant, and therefore the compatibility problems discussed in the

electromechanical actuator section must be considered.

The comments presented in the pneumatic actuator section with regard to the
various actuator types generally apply also to hydraulically powered actua-
tors. The actuator working fluid is normally the propellant itself. Long
term exposure of actuator construction materia1§ to propellants may consti-
tute a compatibility problem. This is particularly true if moisture enters
the system since corrosive acids are formed when water mixes with most

storable propellants.

Seal materials may also present a compatibility problem, particularly in
long term use. Most elastomers are attacked to some degree by strong oxi-
dizing agents. Such long term attack could result in seal leakages or

swelling which could cause actuator malfunction.

Another problem encountered with hydraulic actuators utilizing propellants
involves overboarding of the propellant upon actuation. The freezing of
propellants upon venting to space has been demonstrated on several

occasions. Testing has shown that with a NZO system this has resulted in

4
valve seizing due to a buildup of solid propellant on the valve. This was
solved by exhausting the propellant through an opening in a shield plate

which prevented frozen propellant from striking the valve. The freezing
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of liquid propellants when vented to space vacuum has also been demonstra-
ted for cryogenic propellants such as liquid oxygen, and hydrogen as well
as pressurants such as liquid nitrogen and liquid neon. Freezing is a
problem which must be considered in the design of liquid propellant valves
and actuators venting to space. The use of heaters has been employed in

some valves and lines to control this problem as has exhaust duct design.

Hydraulic actuators must operate within a narrower range of environmental
temperatures than pneumatic actuators due to the freezing and vaporization
characteristics of the propellants used. Actuators utilizing a liquid at
low temperatures and the vapor at elevated temperatures can be produced.
The vapor characteristics as well as the liquid properties must be

considered in these designs.

Chemical Actuators

The only type of chemical valve actuator in general use on rocket engines
is the solid propellant squib. Concepts for chemical actuation utilizing
monopropellant and bipropellant combustion products are described in a

later section.

Solid Propellant Squib

The most common chemical valve actuators in use are the squib or solid
propellant explosive type. These are separated into two basic types, the
deflagrating squibs and the detonating squibs. The deflagrating types are
high rate gas generators and perform work by expansion of high temperature,
high pressure gas. The detonators depend on a high intensity shock wave to
drive the actuator.

Evaluation of squib cartridges after exposure to a variety of environmental
conditions was performed as a part of previous Advanced Valve Technology
studies. The results of these investigations are presented in the Advanced
Valve Technology final reports dated July 1964 and August 1965 (Reports
Number 8651-6032-SU000 and 8651-6042-SU000, Contract Number NAS 7-107).
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The above referenced investigations indicated several problem areas.

These included:

1) Severe degradation in performance after exposure to 300°F
sterilization temperatures with some propellants

2) Leakage at ceramic insulator connector pins after firing

3) Fixed volume bomb tests gave insufficient data for repeatable
squib performance evaluation

A concept originally reported as part of the Advanced Valve Technology
.Program for a work output tester (Pyromite was reduced to practice by a
commercial vendor, and this device was found to give repeatable results

in evaluating squib work outputs.

Reliability testing of squib actuators may have a significant program
cost impact. This is due to the large number of charges which must be
fired to assure proper performance in service. In addition the actual
unit to be flown cannot be tested. Typically, ten times the required end
use units must be fired from the same batch without a single failure to
establish that the actuator will perform properly.

Initiation of explosive actuators in spacecraft is normally electrical.
Both directly coupled and spark gap coupled bridgewires have been used.
The directly coupled bridgewire type of initiator can be set off by
currents induced in lead wires due to radio and radar transmission and
other fluctuating electrical fields in the area. Spark gap coupled
bridgewires are used to help overcome this problem. The firing of squibs
by transmitting coherent radiation to them from a laser via a fiber
optics bundle has been demonstrated by Space Ordnance Systems, Incorpor-
ated, El Segundo, California. This holds promise for future squib

initiation.
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Thermal Actuators

Thermal actuators are not presently used in spacecraft valve actuation.
They are generally applicable to valves which do not require a fast
response time. Examples of thermal valve actuators in commercial use

are lawn sprinkler valves and fire sprinkler valves.

When thermal actuators are used, incorporating the control and actuating
heat source with the spacecraft thermal management system should be con-
sidered since the spacecraft may contain several heat sources which
utilize a coolant loop to carry the excess heat to a space radiator. If
this is the case, actuation energy may be provided by ducting the hot or
cold side coolant to the valve actuator. Control of the coolant loop flow
could be provided by fluidic diverters and logic (see Section III), if this
is compatible with the mission objectives. An added advantage is the
utilization of heat energy that is otherwise wasted. This could result in
a net saving in spacecraft power requirements. Several types of thermal
actuators may be devised for valve actuation. The type chosen will depend

on force level, response, heat source and control principle employed.

Manual Overrides

Manual actuator overrides have not been normally required on spacecraft
valving in the past, though they have been used in aircraft and missile
ground support applications. The manual override capability must be con-
sidered in systems evaluations of manned spacecraft systems where it may
affect overall system reliability. Manually controlled valves have been
used as primary and secondary controls in the life support systems on the
Mercury and Gemini capsules. The use of manual controls or functions in
these applications simplified overall system design and improved relia-
bility. The use of man as an adaptive control element in a system has
been demonstrated in aircraft ground and initial space systems. Further
study is required on specific missions and systems to maximize the advan-
tages of man's adaptive and analytic nature with respect to mission

success probability.
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HIGH SPEED SOLENOID VALVE ACTUATOR STUDY

Introduction

Solenoid actuated valves for use on spacecraft rocket propulsion systems
are designed for minimum weight, minimum size, low electrical power con-
sumption and high speed. These requirements can be enhanced when solenoid
valve actuators are driven by circuits which provide a large electrical
energy impulse during actuation and automatically switch to a modest hold-
ing power required during steady-state operation. The electrical impulse
supplied from the electrical drive circuit should provide maximum energy
force without reduced steady holding force. The electrical impulse energy
required during actuation is stored in single or multiple capacitors which
are electrically charged slowly. This technique avoids an impulse demand
on the spacecraft electrical power source.

This study considers the general requirements and characteristics of im-
pulse solenoid drive circuits and some of the practical limits on operating

speed of solenoid actuators. Methods of improving other factors that limit
speed are also discussed. :

The characteristics of solenoid actuator circuits are studied by use of the
general nonlinear variable coefficient differential equation describing the
current-voltage characteristic of an active solenoid actuator. This equa-
tion is linearized for limited time intervals by appropriate adjustment of
coefficients during selected portions of the operating transient. Appro-
priate operating intervals are selected by consideration of typical current-
voltage characteristics. Armature motion effects are included by using

variable coefficients for armature position and velocity during the motion
interval.

Principles of Operation

A dc solenoid valve actuator usually obtains the electrical actuation
power from a constant voltage, low impedance dc power supply. A semi-

conductor circuit is usually used to obtain nearly ideal switching. The
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solenoid actuator includes an iron or iron alloy magnetic circuit which
has a nonlinear relationship between magnetizing current and magnetic flux
density; hence, accurate analysis is not possible using a single linear
differential equation with constant coefficients. It is possible to under-
stand the current-voltage, pull-in time behavior of solenoid actuators by
using a linear differential equation with variable coefficients to account
for armature motion. The nonlinear current flux density relationship is
conveniently accounted for by readjusting the initial parameter conditions

at selected intervals during the operation transient.

oo

Sw R

= t 2

—
m L(x, i)

+

Figure 4-2. Solenoid Actuator Circuit

Figure 4-2 represents a simplified solenoid actuator circuit suitable for
analyses of the current-voltage relationship of a solenoid actuator. The
general nonlinear differential equation describing the current-voltage

relationship of an active solenoid actuator is:
d oy s .
E(t) = x |[L(x,i) i(t)] + R i(Y) (1)

where

E(t) = voltage applied to solenoid actuator as a function
of time

L(x,i) = apparent inductance of solenoid actuator as a function
of armature position, x, and current i(t)

i(t) = electric current flowing in the solenoid actuator as a
function of time
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The time intervals (Figure 4-3) are defined as follows:

1) The time o-a, immediately following application of electrical
power but prior to armature motion

2) The time a-b, from initiation of armature motion until the
armature reaches nearly full travel but has not decelerated

3) The time b-c, when deceleration and rebound of the armature
appears near full travel

4) The time interval c-d, after armature motion following acutation
has ceased

During this initial pre-motion interval, o-a, after application of power,
the magnetizing current is low due to current rate limiting by the solenoid
inductance. The solenoid inductance is much lower than the inductance at
higher currents when the armature is partially closed. The inductance is
low at low magnetizing currents because the nonlinear characteristic of
iron and iron alloys results in a low initial magnetic permeability at low
magnetizing forces and the air gap. The air gap accounts for most of the
magnetizing force. Equation (2) may be used for the current-voltage charac-

teristic during the'initial interval o-a.

di

an(t) = Loa T * Ri, o<t<a, i(o) = o (2)
where

Loa = the initial inductance (assumed constant)

an(t) = actuator applied voltage during interval o-a

During the initial motion interval a-b, the inductance increases with time
due to armature motion and the increasing magnetizing force applied to the
magnetic circuit. The inductance is a function of current and armature
position during this interval; however, a suitable inductance, Lab(x),
which is a function of armature position but independent of current, may be
selected to fit this portion of the characteristic. For Lab(x), which is

position dependent only, Equation (1) becomes Equation (3).
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The circuit inductance in Equation (1) is a function of current, i(t), and
armature position, x, and hence requires an apriori knowledge of L for all
expected operating combinations of i and x; this is not usually available.
Approximate values of L which are independent of i may be selected for

appropriate time intervals of a typical current-voltage transient.

This approximatioh simplifies Equation (1) and enables an understanding of
the current-voltage/time characteristic including the effects of armature
position and velocity. The typical current-voltage transient of an active
solenoid actuator, Figure 4-3, illustrates the choice of time intervals
and provides the basis for the appropriate simplified differential equa-
tions which are applicable during each selected time interval.

CURRENT i(1)

Figure 4-3. Typical Current Transient Characteristic
Curve for Solenoid Valve Actuator
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E(t) = é% [ Ly (X) i(t)] +Ri(L)

Ep(t) = i) 5% Ly () + Ly () 9—%§El + Ri(t)
dL . (x) .
EL(0) = i) —— £+ 1m0 ) sri @)
for as<t<hb, i(a)<i(t)<i(b)

inductance for x(a)< x<x(b)

where L(x)ab

applied voltage for interval a-b

Ep(t)

Equation (3) differs from the non-motion Equation (2) by the addition of a
velocity dependent voltage and a position dependent coefficient for the

rate of change of current.

During the final motion interval when deceleration and rebound exist, the
inductance, L(x), is nearly constant at a final position value Lc, hence

for the final motion interval, b-c-d, depicted in Figure 4-3.

dL. 4x d i(t)
Bpg(® = i) =2 + 100 S5 s riw) (38)

i(b)£i(t)<id), b<Lt<d
Ebd(t) = applied voltage for interval b-d

During the interval when armature motion ceases after application of power
L(x) = Ld and dééil = 0, hence:
- d i(t) .
Ede(t) LdT + Ri(t), d<t<e (4)

Ede(t) = applied voltage for interval d-e
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Breakaway Time

During the initial linear operating interval (o-a, Figure 4-3), prior to

breakaway, the armature force and breakaway speed will be proportional to

. . _ dlo _ _
the applied voltage from equation (1) Eb = Loa v 5I(0) =0, at t =0
E 1 Eb

hence, dI(0) _ b a0 o T (%)

dt Loa Atoa oa

Al

and Atoa = Loa Eza ,
where: Atoa = breakaway time

AIOa = breakaway current

Loa = initial inductance of the solenoid actuator

Eb = voltage applied to the solenoid actuator

Operating Time

Subsequent to breakaway, the armature velocity, %%, will be proportional
to the applied voltage; hence, the armature pull-in speed is proportional
to applied voltage for linear circuit operation. If the magnetic force is
a monotonically increasing function of current but is less than a propor-
tional rate of increase, a diminishing improvement in pull-in velocity
will result with increasing current.

The cusps in the I(t) curve of Figure 4-3 between b and d are due to
armature bounce. This characteristic will depend on construction of the
actuator. For example, a stiff spring and hard stop for the armature at
the full limit of travel may have conspicuous bounce cusps unless the arma-
ture motion is damped by fluid damping and armature friction. The bounce

characteristic cannot be used as final criteria of solenoid quality since
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poppet clearances, stop hardness, fluid viscosity, pressure, etc., will
differ between valves. It is obvious that a fast solenoid actuated valve
with conspicuous bounce characteristics is unsuitable for controlling
pulses of fluid flow whose pulse width is comparable to the bounce
interval.

Electrical Impulse Drivers

High actuator speed may usually be obtained from electrical impulse
solenoid drivers. Spacecraft power supplies are usually low voltage and
may provide a limited peak demand and steady power to a solenoid actuator.
The actuator power consumption is also limited by size, weight, and tem-
perature rise. An impulse electrical supply may supply high peak powers
to a solenoid actuator during actuation without excessive actuator heating.
The transient and steady power demand of the impulse supply may be small
compared to the solenoid holding power. The weight and power consumption
of an impulse driver should be less than required for a larger solenoid
actuator to achieve a corresponding result from a constant voltage supply.
In addition, a fail-safe circuit is desired which will provide power at
reduced impulse if a component malfunction develops. A capacitor storage

impulse driver can meet these basic weight and power requirements.

The capacitor storage impulse driver charges N capacitors in parallel while
the solenoid actuator is off or in a steady holding condition. The capa-
citors automatically connect with their voltage in series aiding with the
power supply when the valve is actuated. When the capacitor stored energy
is depleted, the capacitor automatically connects for recharge and standby
until a valve actuation requires the impulse energy. This capacitor
switching logic corresponds to the practice used for many years for high
voltage impulse generators exemplified by the Marx trigger circuit.

Figure 4-4 illustrates the logic of a capacitor storage solenoid actuator
driver.

The breakaway time may be reduced by a factor Tﬁ%TT times by N series

connected capacitors charged to the power supply voltage. For N capacitors
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the breakaway time, AtoaN’ is:

Al At
t = oa oa = oa
oaN (N+1)E, (N+1)

(6)

If we select an approximate initial inductance value for L(x)ab which is
independent of magnetizing current, the pull-in time,‘Atac is also improved

by the factor, E%T , when N charged capacitors are series connected.

For N capacitors, the pull-in time"AtacN’ is:

Al
At = 2% @)

acN (N+1)
The actual improvement in AtacN will be less than given by Equation (7),
depending on the degree of magnetic circuit saturation.

Equations (5) and (6) assume the charge stored in each of the N capacitors
is sufficient to supply the solenoid current for the time interyaISAAtoaN
and.AxacN with a negligible decrease in capacitor voltage; however, a
decrease in capacitor voltage is required to supply the current to the
solenoid actuator. If we assume the rate of change of current is constant
at the initial value at t = O, g%égl , we can make a conservative estimate
of the capacity and number of capacitors required for a desired improve-
ment in pull-in time, Axac. The pull-in speed improvement factor, A,
assuming a linear differential equation is:

At

A N+1=At (8)

where: N

number of series capacitors in the current impulse supply

at, N pull-in time with N capacitors

At

ac pull-in time with only the constant voltage supply

A = pull-in speed improvement factor for N capacitors
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The capacitors supply the solenoid current (i (t)) for a time Ato

corresponding decrease in charge, AQC, and voltage, AEC,

fAtoc
AQc = CAEc = Jo i(t)dt

where: AQ = decrease in charge of each capacitor
AE
c

decrease in voltage of each capacitor
Using the conservative assumption that

di . d i(o0)

dt dt

At At
AQ =f.°° ~f o¢ at
c o i(t)dt ot dio
dt

at % 4i
ocC .

~ o
A T 7 &

dio _ (W*DE
dt L,

For N capacitors, aQy and Cy are:

2 .
t (N+1)E

L

o

2
. ~ (N+1)Eb Atoc
N 2Lo AE
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Equation (12) will give the required capacity for each capacity, C,
corresponding to a given decrease in capacitor voltage, AE, during the
time, Atoc. A conservative value of AE is 10 percent of F‘b For AE = .lF.b

Equation (12) becomes:

2
(N+1) t
~ A oc (13)

C 3L

N

from Equation (8) the number of capacitors, N, is:

-1=A-1 (14)

Equations (11) and (12) give a conservative value for the capacity of each
capacitor, CN’ and the number of capacitors, N. It is possible to obtain
the same speed improvement with a larger N than given by Equation (13) with
a corresponding decrease in C; however, the capacitor total weight and
energy storage density does not improve and additional switching components
are required. A lower value of C than given by Equation (12) may produce
the desired speed improvement factor A since the Equation (IZj is a con-
servative approximation. Experimental successive approximations based on
an initial trial value given by Equation (11) is an appropriate method to

determine a precise value of C, required for the desired Axa

N cN°®

Electrical Requirements of Impulse Circuits

The current, power, and energy requirements for the capacitor discharge

solenoid driver may be determined when the capacity, C,,, the number of

N’
capacitors, N, and the power supply voltage, , are selected. The capacit
P P pp "4 P y

CN and N are determined by speed requirements using Equations (13) and (14).

The total stored energy, TcN’ in the N capacitors, is:

T = — (15)
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Where: TcN is the total capacitor stored energy in Joules or Watt seconds

CN is in Farads

E is in ‘Practical Volts

b
The energy loss in the capacitors is small; hence, most of the energy stored

in the capacitors is delivered to the solenoid during the driving impulse.

The energy supplied by the power supply circuit to charge the capacitors
exceeds the energy stored in the capacitor by the charging circuit losses,
Tr’ which are largely dissipated in the charging resistance. The charging

circuit loss is always equal to the energy stored in the capacitor.

For N capacitors: TrN = TcN = B (16)

The total energy delivered by the power supply, Tb’ to charge the
capacitors is.for N capacitors:
2

1% = NC EB (17) -
The peak charging current for N capacitors, ?c’ is:
N E,
A
ICN = Rc (18)

where Rc is the charging circuit resistance in ohms, the charging current,
ICN(t), is for N capacitors:
N E -t/
ICN(t) = - B e RcCN (19)
c
where: t is the time in seconds after application of the charging voltage,

Eb’ in volts, and e is the natural base = 2.718.
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The voltage on the charging capacitor, Ec(t), is:

: RC
E.(t) = E [1 -e N ] (20)

E_(t)
Typical values of E for selected values of t/RCN are given in the
following table: b
Table 4-1.
t/RCN 4.6 3 2.3 1.61
E (t)
< 99 | .95 | .90 .80
Ey

The power demand from the battery Pb(t), during charging is for N

capacitors 2
R ¢

b

P (t) = R e ¢ N (21)

The capacitor charging time, tl’ to a specified fraction of the supply

t A
voltage, —=—=L | will also determine I, for a given C, t

is:
Eb 1

E_(t;)

_ c 1
t, = -RCC In 1 - E (22)

b
A
The IcN corresponding to Y is for N capacitors:

nooUNE MO (1 - Ec(tl)/Eb) -,
cN RC - -tl (23)
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An independent choice of charging time t and ?cN is not possible unless
C is permitted to vary from the value defined by Equation (13). Since the
C determined by Equation (13) is a conservative estimate for C, some re-
duction in C is possible. If ?cN is limited by the power supply capability
then the value of charging time, t, corresponding to the permitted peak

charging current, IcN’ must be used. Hence:

1 - I (24)
o

NCEy yn (1 - Ec(tl)/i)
N

Limiting Speed of Operation

Equation (12) suggests the speed improvement factor A will continue to
increase in proportion to N; however, there are practical limits to A
beyond which a diminishing improvement in A is obtained with increasing N.
Some of the factors causing severe deviations from the linear relationship
of Equation (8) are:

1) The bulk of the magnetic material becomes saturated at Am<A¢°cN.

2) The rate of increase of current and magnetic induction is too
rapid to permit full penetration of the magnetic field into the
magnetic structure, thus limiting the possible rate of increase
of the total magnetic force.

3) The breakaway force required for a solenoid armature has been
assumed constant; however, it may have additional force require-
ments which are dependent on the rate of application of breakaway
force.

4) The mechanical friction forces are assumed to be proportional to
velocity. Additional nonlinear forces proportional to the square
of the velocity may be important when valve fluid loads with
velocity squared forces are important.

S) Good magnetic materials are subject to inelastic deformation and
plastic or fluid flow when the rate of application of magnetic
stress exceeds the stress propagation velocity in the magnetic
material.
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The above five limiting factors show improved operating speed can be ob-
tained with an electrical impulse driver for low values of the improvement
factor A. The speed limits which may be realized in properly constructed
solenoid actuators can approach the speeds obtained by magnaforming or
explosive actuated actuators; however, repeated cycle operation will ob-
viously be sacrificed. The upper speed limit of the electrical impulse

solenoid driver corresponds to the speed of magnaforming techniques.

Improvement of Limiting Speed

When the practical operating speed limit of existing solenoid actuators
have been realized with an electrical impulse driver, the above five
factors limiting further speed improvement may be considered to select
methods which will yield the greatest improvement in speed.

Some of the methods for improvement of each limiting factor are:

1) Improvement of Bulk Saturation Flux Density - If the active mag-
netic structure is saturated for At< Atp,the depth of penetration due to

a rapid buildup of magnetizing induction is not limiting the actuation
speed. A higher acceleration force and speed may be obtained by using a
magnetic material with a higher saturation flux density obtainable by
improved heat treatment and/or alloy composition. If this is not possible,
it is necessary to increase the active cross-sectional area of the magnetic
circuit transverse to the direction of magnetic field. In the case of the
moving armature, this change should be accomplished without increasing the
mass of the armature; i.e., the increased armature cross-sectional area

must be accompanied by an equal squared thickness or length reduction.

In cases where higher saturation magnetic materials are available, the
pull in speed is improved in direct proportion to the square of the satura-

tion flux density, assuming the magnetic field penetration remains complete.

2
At 1 _ BZ sat
t 2 - 2 - (25)
P B1 sat
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where: At

pull-in time with magnetic material No. 1

pl
Atp2 = pull-in time with magnetic material No. 2
Blsat = saturation flux density of magnetic material No. 1
BZSat = saturation flux density of magnetic material No. 2

A common example of improvement in magnetic material is the substitution
of optimum annealed permendurR for low carbon steel or pure ingot iron.
The saturation flux density by this substitution may be improved from 12
to 15 kilogauss for low alloy iron to 20 to 22 kilogauss when permendur

is used. The corresponding pull in speed ratio would be:

2 2 -
At B
&Ll - (32—“1) - (%) = 3.68 times
p2 1 sat

2) Improvement of Magnetic Field Penetration Velocity - When the rate
of increase of magnetic force on the armature is limited by the rate of in-
crease of magnetic field penetration to the full dimension of the armature
and magnetic circuit, improvement in performance requires a material or
construction change which allows a faster buildup of the magnetic field.

A decrease in electrical conductivity or magnetic material thickness will
permit a faster increase in magnetic field. The propagation constant for
a magnetic wave in a conducting, homogeneous, isotropic, linear magnetic

material is:

'r=m=a+53;a-n=,"&’-—‘z‘ﬂ- (26)
where: Y = the complex magnetic wave propagation constant

@ = the magnetic wave attenuation constant in nepers per meter

B = the magnetic wave phase constant in radius per meter

j = \[:I-ihe imaginary factor

w = 2xf where f is the real wave frequency

H = permeability of the magnetic material in Henry's per meter

g = conductivity of the magnetic material in ohm meters
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The attenuation of the magnetic wave in the magnetic material may be
reduced by reducing p or g or both. The reduction of p is somewhat un-
attractive because a higher magnetizing current is required to obtain a
desired flux density and mechanical force. The conductivity may be re-
duced by appropriate alloying elements and heat treatment. The conducti-
vity reduction should not be accomplished by a corresponding reduction of

permeability, pu, or saturation flux density, B The bulk conductivity

of a given material may be reduced by'compressiig small insulated particles
together to obtain the bulk configuration. Insulated laminations assembled
to fit the desired physical shape may also be used. The method of sub-
division and assembly must cause a minimum degradation of the apparent bulk
magnetic properties. Examples of magnetic wave attenuation improvement by
alloying are the substitution of silicon steel for high purity ingot iron
and the substitution of 2 percent vanadium permendur for 50/50 permendur.
The use of high purity compressed insulated iron powder or flake for bulk
iron magnetic structures is not attractive for high force solenoid actuators
because of the poorer bulk magnetic properties of the compressed materials.
Magnetic materials with low conductivity and low magnetic wave attenuation
such as ferrites are available; however, their saturation flux density of

4 kilogauss precludes their use in high force density actuators.

A survey of the methods to improve the speed of magnetic field penetration
and the consequent limiting speed of armature force buildup indicates
bonded laminates of high saturation magnetic alloys will produce the high-
est actuator speed and force density. Laminates of .00l-inch-thick sheets
are available resulting in apparent bulk permeabilities and saturation flux
densities which are 90 to 95 percent of the static characteristics for the
solid material. It is possible by use of insulated magnetic laminates to
obtain full magnetic force speeds less than 0.1 millisecond. The laminate
bonding must have sufficient strength to endure the acceleration and shock

loads which are possible with high speed buildup or decay of magnetic force.

3) Improvement of Breakawqy'Spped - A solenoid actuator usually works
against a spring force which is installed to insure return of the actuator

armature to a required unenergized position. An initial preload force is

4-32



included in the spring to assure armature return for all operating condi-

tions and maintain stability under environmental accelerations. Reduction
of spring preload will reduce the breakaway time and the minimum shock and
acceleration tolerance. It is assumed that materials and surface finishes

are selected to minimize static friction.

4) Improvement of Dynamic Friction - Dynamic friction will limit the

speed of operation for a given applied magnetic force. Valve actuators
are required to move a valve closure against a fluid stream velocity and
pressure. It is possible to design valve closure mechanisms which balance
the fluid forces on the closure element with identical forces on a balan-
cing element. This technique may complicate the design and reduce relia-

bility; hence, the application must be carefully considered.

5) Improving Speed Limit By Inelastic Deformation of Actuator

Materials - The maximum saturated magnetic pressure obtainable
from the best available magnetic materials is approximately 600 psi which
is much lower than the permissible stress in most structural and magnetic
materials; hence, this inelastic deformation of actuator materials is not
limiting for efficient solenoid actuators operating at near saturation
flux densities. Electromagnetic forming or deformation requires much
higher magnetic field intensities for the transformation of the electrical
energy into mechanical kinetic energy prior to the material deformation.
This electromagnetic forming transformation of electrical energy to mech-
anical forming forces does not appear to be an efficient method of opera-

ting solenoid actuators.

Ideal Impulse Voltage Characteristic

The electromechanical factors limiting speed of electromechanical actuators
and the basic requirements to improve the speed with a multiple capacitor
impulse driven circuit have been considered. Voltage time characteristics
obtained with the multiple capacitor impulse driver is not an ideal charac-
teristic, but it does represent a good compromise consistent with require-

ments of reliability and simplicity. An ideal impulse drive voltage
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characteristic may be established which will give maximum speed for mini-
mum electrical energy consistent with electrical and mechanical stress
limits. Figure 4-5 represents an idealized impulse voltage time

characteristic considering the material stress limits.

VOLTAGE APPLIED TO ACTUATOR COIL

0 TIME

Figure 4-5. Ideal Solenoid Drive Impulse

The maximum impulse voltage Eab (Figure 4-5) of the ideal impulse driver

is determined by the coil electrical insulation requirements. This volt-
age represents the greatest rate of change of current and magnetic force
obtainable with acceptable electrical insulation life. The impulse voltage
must be applied and removed at a limited rate during intervals 0-a and b-c
(Figure 4-5) because the impulse voltage propagates the coil at a low
velocity, causing large voltage differences between adjacent turns and
layers of the actuator coil. The large voltage differences can cause volt-
age overstress of the interturn and interlayer insulation. For maximum
speed, the full impulse voltage, Eab (Figure 4-5), must be sustained during

armature motion. After the armature position is static following actuation,
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the actuator voltage may be gradually reduced to a voltage, Ece’ which is
sufficient to hold the armature position against the return spring, fluid

and external acceleration forces.

It is possible to construct a circuit which will generate a nearly ideal
turn-on pulse similar to Figure 4-5 for driving solenoid actuators; how-
ever, the component, weight and reliability will not compare favorably
with the multiple capacitor impulse driver. The switching logic for the
low voltage trapezoid impulse driver circuit can be identical to the capa-
citor circuit, expect the capacitor energy storage components are replaced
by lumped or uniformly distributed L-C transmission line elements with a

round trip propagation time equal to the desired impulse time.

Conclusion

The speed and performance of solenoid actuators can be improved by use of
electrical impulse driver circuits with a reduction in weight and electri-
cal power demand and consumption. Low voltage series-parailel capacitor
switching circuits are an effective way to obtain impulse voltages- for
this purpose. The approximate capacitor requirements can be easily
determined by the speed improvement ratio required for a given actuator

design recognizing other practical factors limiting speed.
A nearly ideal impulse driver circuit can be constructed; however, the

weight, simplicity and reliability are less favorable than the simple
capacitor switching impulse driver.
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CONCEPTUAL STUDIES

Monopropellant Actuator Concept

Liquid hydrazine monopropellant gas generators have been developed for use
in spacecraft rocket engines and for spacecraft propellant pressurization
systems. A concept incorporating an integral actuator and monopropellant
gas generator was conceived and tested during this reporting period. This
actuation technique is capable of producing high pressures from small
quantities of fuel, resulting in high actuation forces. The measured work
output of the unit compared very favorably to that of squib type actuﬁtors
(see Advanced Valve Technology Final Report Number 8651-6042-SU00O, August
1965).

PILOT VALVE
CHECK VALVE
/CATALYST
PILOT VENT
VALVE
£ R
MONOPROPELLENT
\\ [~ PRESSURE
N CHAMBER

Figure 4-6. Schematic: Monopropellant Chemical Actuator
(For Normally Open Valve)

The operation of the monopropellant unit shown in Figure 4-6 is as follows.

Since the valve is shown normally open, initially there is flow through the
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valve. When turn-off is desired, a pilot valve is pulsed, allowing a pre-
determined amount of monopropellant to flow through it, the check valve,

and catalyst, into the actuator's pressure chamber. The pressure thus
formed, aéts against the piston or bellows head of the actuator to close

the valve. The effects of high pressure on the pilot valve are minimized

by the check valve, which prevents back flow in the actuated condition.

When the valve is to be opened, the pilot vent valve is opened, venting

the pressure from the actuator. The vented gas may be directed back into

the line or overboard. If more positive opening is desired, a second
actuator similar to the first but arranged to act in the opposite direction
may be used. Three-way pilot valves may be used to replace the separate
pilot and pilot vent valves. The advantage of using two separate valves for
piloting is that they need to be opened only momentarily for valve actuation,
reducing power requirements without the use of latching solenoid type valves.

Feasibility Tests
A monopropellant actuator was constructed and tested to determine the

feasibility of the design.. Hydrazine was used as the working fluid. Suc-
cessful actuations with restraining loads to 265 1b were demonstrated.
Piston transfer times as low as 60 ms for a 2.75 in. stroke were observed.

The system used in performing these tests is shown schematically in
Figure 4-7. Recordings were taken of valve current, fuel volume injected,

actuator stroke, actuation pressure and restraining pressure versus time.

Test firings were performed for fuel supply pressures ranging from 150 to
350 psi and restraining pressures from 100 to 600 psi. A typical plot of

pressure and displacement versus time is shown in Figure 4-8.

After a total of 25 test firings the actuator was disassembled for examina-
tion. A strong odor of ammonia typical of hydrazine reactions was noted.
The presence of catalyst '"fines" was observed in the actuation chamber. The

actuator elastomer seals seemed unaffected by the test firings. No erosion
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of the actuator internal surfaces was evident. A photograph of the

disassembled actuator after test is shown in Figure 4-9.

The monopropellant actuator concept has been demonstrated to be feasible.
Actuation with high force level has been demonstrated with fuel consumption
over an order of magnitude less than if direct line piloting was used. It
is felt this approach has promise for applications in spacecraft valves and
should be pursued further for specific applications. The concept may also
find application in other spacecraft actuation functions such as boom
extension, spacecraft positioning on planet surfaces and in powering tools

for space maintenance functions.

NoHy IN
SOLENOID VALVE

CATALYST BED

2 . LOADING DEVICE
DIA }.750 o ) m| ]
,

[

VENT VALVE \
® - @wm DIsC POSITION TRANSDUCER

d PRESSURE TRANSDUCER

Figure 4-7. Schematic: Monopropellant Chemical
Actuator Concept Tests

//—'\\ P
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STROKE, X - INCHES

FUEL VALVE OPEN

CHAMBER PRESS, 'C . PSIG/ 100

FUEL VOLUME, F, INJECTED CC

¢ ! 2 3 4 S 6 4 8

TIME FROM POWER INITIATION T, MILLISECONDS/100

Figure 4-8. Performance Curve - Monopropellant Chemical Actuator
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Figure 4-9. Monopropellant Chemical Actuator Test Unit

Bipropellant Actuator Concept

The bipropellant actuator is very similar to the monopropellant unit
described above. It is apparent that a hybrid (liquid-solid) actuator
containing a quantity of fuel or oxidizer internally could also be utili-
zed. Figure 4-10 illustrates a bipropellant chemical actuator applied to
a normally closed valve. Operation is very similar to the monopropellant
unit except that both fuel and oxidizer injection is necessary. Positive
actuation in both directions may also be obtained, eliminating the spring
used for closure. The bipropellant actuation concept may also be applied
to other spacecraft actuation functions requiring high force levels. The
advantages of using propellant combustion for actuation are similar to
those for squibs used for actuating explosive valves, except that many

actuation cycles are possible.
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BIPROPELLENT PILOT VALVE
(OR TWO SEPARATE PILOT VALVES)

CHECK VALVES
FROM OXIDIZER

PRESSURE CHAMBER

FUEL o
a ° VENT VALVE

Figure 4-10. Schematic: Bipropellant Chemical Actuator
(For Normally Closed Valve)

Other Chemical Actuators

Electrochemical, photochemical and biochemical actuators have been proposed.
These act due to a volume change associated with a chemical reaction driven
by one of the above techniques. These types of actuators are not used at
the present time and more data as to their possible characteristics is

required.

Thermal Actuator Concepts

The types of thermal actuators include the following: solid differential
expansion actuators, liquid or vapor expansion actuators, state change and
phase change actuators (Polyphase). Schematic diagrams shown in Figures

4-11 and 4-12 illustrate possible mechanizations of these techniques.
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HOUSING (MAINTAINED COOL)

___/ / VALVE STEM

HEATING ELEMENT

o

VALVE POPPET

Figure 4-11. Schematic: Differential Expansion Actuated Valve

HEATING ELEMENT

/7/ / /"///////. BELLOWS

AN
m ,l &I~ CHAMBER FILLED WITH

EXPANDING LIQUID
OR EXPANDING VAPOR
OR SUBSTANCE TO BE
VAPORIZED

Figure 4-12. Schematic: Thermally Expansive Fluid or Polyphase
: Actuator Actuated Valve
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Thermal actuators have slower response than solenoid actuated valves due
to the thermal lags associated with transferring heat into or out of a
system. These lags are controlled by the relative temperature difference
between the heater and the object to be heated, the heat transfer coeffi-
cient between the two, and the thermal inertia of both. For constant
heater output and constant specific heat, the time rate of change of
temperature may be described as

T - 2 (1)
t (WICp1 + W2Cp2 + -=)
where

T = Temperature

t = Time

Q = Heat input into area to be heated

W = Weight of heated part

Cp = Specific heat of heated part

The actual temperature of the part at any time t may then be described as:

I = l + ! 2
° T ]CP] + WZsz + "-) ( )

where

To is the initial temperature of the part

From Equation (2) it is evident that the valve response may be improved
(minimizing the actuation time) by increasing heat input and, decreasing
the mass and specific heat of the actuating part. Figure 4-13 schematically
illustrates a concept where this has been considered. In this valve a thin
bimetallic diaphragm is used to provide high actuation forces in a snap

acting manner while minimizing the mass of the actuating element.

In the valve shown in Figure 4-13, heat may be introduced directly to the

actuation diaphragm, electrically or from a separate source, opening the
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valve. The propellaﬁt then impinges on the diaphragm and provides an
effective means for removing heat from it. This allows rapid closure

when the heater is turned off.

HEATING PROVISION

Figure 4-13. Schematic: Snap Action Differential Expansion
Actuated Valve
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Lightweight Electromagnetic Actuator

The objective of this study is to investigate beryllium as an electrical
conductor of electromagnetic actuators. This study is a continuation of
previous work reported under Contract NAS 7-107 (References 1 and 2) and
NAS 7-436 (Reference 3).

Work reported in this section describes electrical resistivity data on
very pure beryllium metal from cryogenic temperatures typical of all
cryogenic propellants up to 1800°F.

Beryllium Wire Technology

Introduction

Beryllium metal has many electrical and physical characteristics which
make it inherently superior to all other electrical conductors for high
temperature electrical machinery operating at temperatures up to 1800°F and
cryogenic temperatures near -330°F. Some of the salient characteristics
which make beryllium most attractive when compared to conventional elec-

-

trical conductors are:

1) Low density

2) High tensile strength

3) High Young's modulus

4) Thin adherent self-electrical insulating anodize film
5) Good thermal and electrical conductivity

6) Best combinations of above properties at 1000°C and -190°C

At high temperatures near 1800°F or above:

Beryllium is the only good electrical conductor, offering a near
optimum combination of high thermal conductivity, high space factor

insulation and good mechanical properties.

4-44



At low temperatures near -330°F:

Beryllium has the highest electrical conductivity in combination
with the best overall mechanical properties.

The desirable properties of beryllium for high-and-low temperature elec-
trical machinery applications are attendant with a very undesirable brittle
characteristic of commercially available beryllium forms. Presently
available beryllium wire requires specialized manufacturing methods for

electrical machinery applications.

The potential application of beryllium is most attractive for high-and-low
temperature spacecraft electrical machines; for example, a high temperature
beryllium turboelectric generator could result in great weight saving due
to: low density, high tensile strength, high Young's modulus combination,
and thus would permit much higher operating speeds at 1000°C than other
good electrical conductors. Beryllium motors and actuators could also
operate successfully in high temperature environments of rocket engines,
eliminating the weight of temperature protection structures. Low tempera-
ture applications are most attractive when cryogenics are on board for
other purposes. A Eryogenic beryllium ac machine offers the greatest
possible power, efficiency and weight reduction of any electrical conductor.
Cryogenic ac turboelectric generators could be coupled to nuclear reactor

power supplies with a negligible weight requirement for electrical machines.

Results

This report includes results obtained with extreme purity beryllium.
The work on ultra refined beryllium at cryogenic temperatures was done by
Nuclear Metals Corporation. The material refined by Nuclear Metals was
high purity Pechinny commercial beryllium as noted on Figures 4-14 and 4-15.
Figure 4-14 compares the resistivity of super refined beryllium and very
pure copper from cryogenic temperatures to 1800°F. Figure 4-15 compares the
resistivity density product of beryllium and copper. The resistivity den-
sity product is a more significant figure of merit for comparison of elec-
trical conductors in spacecraft actuator and electrical applications since

minimum system weight is a dominant requirement.
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Recommendations

The development and application of beryllium in high performance
spacecraft electrical machines require a continued effort until a practi-
cal basis for production of such machines is established. The initial

emphasis in development must be on two problems:

1) Beryllium wire technology for electrical machines
a. Improve wire ductility
b. Eliminate mechanical flaws and occlusions in wire
c. Improve surface finish and mechanical tolerances
d. Improve mechanical and electrical properties of the

anodize insulating film

2) Application of beryllium wire to cryogenic and high temperature
actuators and other electrical machines
a. Specific design studies to establish the comparative
characteristics and specific improvements possible in a
typical cryogenic and high temperature electrical machine
b. Construct and evaluate performance of a high temperature

and a cryogenic electrical machine
The above program would provide the continued stimulus and progress

essential to realize the inherent qualities of beryllium conductors in

applications to electrical machinery.
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Beryllium Thin Films

It may be possible to fabricate beryllium electrical conductors having the
desired low resistivity and high ductility by deposition of beryllium

film on a substrate in continuous process. This experimental investigation
illustrates the properties of vapor deposited films on fused silica, and
beryllium oxide substrates. The film may be used on the substrate or re-
moved for the electrical application. Beryllium was deposited on selected

substrates by electron beam evaporation for this experiment.

Experimental Investigation

A series of beryllium thin films were prepared using electron beam
heating evaporation techniques. The material used was 99.99 percent pure
beryllium obtained from Electronic Space Products, Inc., No. K-446B,
Grade 4N. Typical impurities listed by the supplier are - 1 ppm Cr,

3 ppm Fe, 5 ppm Mn, 2 ppm Ni, and 30 ppm Si.

Film deposits were made by supporting target substrates above the
beryllium evaporation source on a chimney. With this configuration, a
circular target plane of approximately 6.5 cm was formed. Films were
deposited Si 02 (quartz), A1203 (aluminum oxide), and Be 0 (beryllium
oxide) substrate. A mask for the standard Hall specimen configuration

was used for test samples, (References 4 and 5).

o
Films not exceeding 1000A thickness could be formed on quartz; thicker
films showed a matte surface and separated completely from the substrate.

Stresses in the separated film caused the film to curl.

Films formed on Be 0 and A1203 had a matte surface corresponding to
substrate surface as shown in Figures 4-16 and 4-17.
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Figure 4-16. Beryllium Film Deposited on Beryllium Oxide Substrate

Figure 4-17. Beryllium Film Deposited on Aluminum Oxide Substrate
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The tabulated film thickness values are approximate values calculated from
an assumed bulk resistivity of 2.78 x 10'6 ohm cm. Experimental interfero-
meter measurements were unsuccessful, because beryllium is a ''dark" metal

with significant spectral absorption in the near UV and visible wavelengths.

Overcoating with a "bright" metal such as aluminum may be used for accurate
interferometer thickness measurement, but this was not done. Since the
thickness values are calculated from a measured surface resistance (4 point
method), and an assumed bulk resistance value, there is some uncertainty in
the absolute value. This method does not impair the accuracy of the

relative resistance-temperature characteristic.

Three beryllium films with different thicknesses were measured for total

solar absorptance and normal emittance. The results are given in Table 4-2.

TABLE 4-2.
Q €
1. ‘Thick Film (500-1000A) .45 .06
2. Moderate Thickness Film (300-500A) .61 .10
3. Very Thin (50-100A) .66 .20*
Slightly Transmitting

*Some quartz effect.

Typical electrical measurements and the calculations are illustrated below:

Surface Resistance (4 point probe)

RS = 7 X 4.45 (ohms per square)
.022
Rs = 3571 X 4.45 = 0.98 (ohms per square)
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Film Thickness (4 point probe, assumingg?Be =2,78 x 10'6rxcm, €25°C)

p = Rs Xt
-6
P 2.78 x 10 © ohm-cm -6 °
t=s — = 2.84 x 10 = 284 A
R 0.98 ohm o

Resistivity (Bridge Method)

p = ¥ X Ll t t , L = 2W for configuration
1.25 x 1071 2.84 x 10°° -6
P = . - : 1.8 x 10 ~ ohm-cm
10 2
Hall Coefficient

V, x t
Ry = ? x 108

1.3 x 10 x (2.84 x 10°% cm) 8 5 3
RH = 1 x 100 = 9.2 x 10 © cmn”/coulomb

107! x (4 x 10° gauss)
(Positive sign indicates hole rather than electron carrier)

Hall Mobility

-5
by - B 2RI ) 2 e

1.8 x 10~

Three Be thin films on quartz were evaluated at room temperature using

the above relationships. Subsequent measurements of relative resistivity
(bridge method) down to LN, temperatures were performed. The results are
shown in Figure 4-18. Where the data points are not given at LN2 tempera-
ture, electrical contact separation occurred on the sample. For compari-
son, bulk resistance curves of iron and copper are also shown in Figure

4-18. Film B is not believed to represent a room temperature resistivity

lower than copper because of the uncertainty in the thin film thickness.
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Figure 4-18. Resistivity Data for Evaporated Beryllium Thin Films
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Conclusions and Recommendations

Pure beryllium films prepared by the experimental method described here
are not suitable for high efficiency solenoid actuator windings where the
low bulk resistivity of high purity beryllium is required. This limita-
tion of resistivity of deposited films is due to the limited thickness of
films which were produced by vapor deposition methods used. Thin films
have higher resistivity than the observed bulk resistivity because surface
boundary controlled scattering of charge carriers dominates the conduction
process.

The thin beryllium films prepared exhibit a very low temperature coefficient
of resistance which is approximately 3 times better than other commercially
used thin film materials used for resistance components. Beryllium thin
films are especially interesting for precision and power resistor applica-

. tions because of the protective oxidation resistant property of beryllium

at high temperatures and the high recrystallization temperature.
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Characteristics of three beryllium films deposited on a quartz substrate

are given in Table 4-4.

TABLE 4-4,

Characteristics of Three Beryllium Films Deposited on Silica Substrates

Parameter Film A Film B — Film C Bﬁ?ﬁlszgzis
g:rf;‘i:\ /::3 ii;;”‘ce » o.245 1.335 76-174

I},‘iii’)‘ess’ 1130 208 37-16

Regiggi‘c’igﬁm’m) 2.2x10°% | 1.53x 10°®| 19.5 x 10°®| 2.78 x 107°
gfllézgféffifs?ﬁﬁ&lomb) 1.32x 1074 [ 9.4 x 120 | 9.8 x 10> | 2.4 x 107
ﬁ:lézgggiti;)z’;v‘:)}lit-sec) 60.0 61.5 5.0 86.5

The application of beryllium thin films to high precision, high stability

resistors and high temperatures, and high power resistors for electronic

and electrical power applications deserves continued investigation because

the results obtained here are superior to the corresponding characteristics

of commercially available thin film resistors.
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IN-FLIGHT LEAKAGE MEASUREMENTS

The objectives of this study are to determine the requirements for
in-flight valve leakage measurements, review the present state of the art
in leakage measurement, determine the limitations of present techniques,

and where possible, evolve concepts to overcome these limitations.

In-flight leakage measurement requirements include a sensitivity of

10'7 std cc/sec, operation in zero-g and high vacuum environments, and
proper function after launch accelerations and vibrations. Accuracy of
the instrument should be better than five percent, and calibration should

be traceable to NBS standards.

The following organizations are engaged in in-flight leakage instrument
development, or were contacted as part of this study. This list is not
inclusive and there may be other companies engaged in in-flight leakage
measurements.

Air Force - Edwards Air Force Base, California
Army - Army Missile Command, Redstone Arsenal, Alabama
Douglas Aircraft Co., Huntington Beach, California
General Electric Co., Valley Forge, Pennsylvania
NASA - MSFC, Huntsville, Alabama

NASA - MSC, Houston, Texas

Nassau Instrument, Princeton, New Jersey

North American Aviation, Canoga Park, California
Parametrics Corp., Boston, Massachusetts

Ratheon, Boston, Massachusetts

Rosemont Engineering, Minneapolis, Minnesota

Space Labs, Inc., Van Nuys, California

TRW Systems Group, Redondo Beach, California

Tylan, Inc., Torrance, California
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V INSTRUMENTATION AND MEASUREMENTS

This section includes the results of a study performed for the purpose of
determining the requirements for instrumentation and measurements related
to valve qualification testing and in-space flight valve measurements.

A discussion of the presently used technology is given. Requirements are
defined and several concepts presented.
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the partial pressure of the oxygen or hydrogen present in the atmosphere
exposed to the detector. An advantage of this type of sensor is that it
generates its own power, sometimes sufficient for operating a sensitive
relay. Disadvantages include a lifetime limited by the quantity of oxidizer
(or reducing agent) packaged in the unit and by its exposure to the reducing
agent (or oxidizer) being sensed. Errors have occurred in H, sensors due to

2

02 entering the cell, resulting in a reaction similar to that occurring in
catalytic sensors. Sensitivities on the order of 1 percent of the lower

explosion limit of hydrogen in air mixtures have been attained.

Catalytic sensors measure the heat dissipated in a reaction between the
fluid being sensed and an oxidizer (or reducing agent) in a catalytic
burner. This type of sSensor has been used in laboratory and commercial
installations for measuring 02 and HZ concentrations., The oxidizer (or
reducing agent) must be stored within the unit or supplied from an exter-

nally stored supply.

Radiation sensors sense the radiation level in a line or area into which

a fluid component could leak. This radiation is supplied by a radioactive
tracer material added to the leaking fluid. The tracer material may be
mixed with the propellant initially or it may be added as part of the leak
sensing operation. An example of the latter case is a system in which the
leakage is passed through a platinum dioxide sponge impregnated with Kr85.
As the leaking fluid passes through the sponge it entrains some of the
radioactive Kr85 which is sensed by a radiation detector in a shielded
area downstream. The sensitivity of these systems depends on the quantity
of the tracer added to the leaking fluid. When a radioactive material is
added to the bulk propellant, sensitivity is limited by the undesirable
effects of radiation on the propellant, structure, and personnel in the
area. When the entrainment approach is used the sensitivity and life of
the system must be traded off; the higher the sensitivity, the shorter the

life for a given size limit.

Mass spectrometers measure the anode to cathode current in an electrically

and magnetically deflected beam of ions. The electric and magnetic fields



The principle methods being considered for in-flight leakage measurement

include the following:

Electrothermal Flow Meters
Fuel Cells

Catalytic Sensors
Radiation Sensors

Mass Spectrometers
Acoustic Sensors

Burst Diaphragms

Thermal Sensors

Table 5-1 presents a rating comparison of the various leakage measurement
techniques considered. These ratings are based on ground performance and

do not reflect size or weight considerations.

Electrothermal flow meters operate on the principle that the heat transfer
from a warm body in a flow stream varies with the Reynolds number of the
flow. The electrothermal flow meter is extremély simple and requires no
moving parts. The parts exposed to propellants may be easily encapsulated
in a compatible material. The limitations of the instrument include a
lack of sense information, errors due to convective currents when used in
a gravity field and cryopumping errors when used in some cryogenic pro-
pellant applications. Leakage sensitivities of 25 cc per hour of liquid
propellant have been obtained in a .625 inch diameter line. This is
probably close to the lower limit of Reynolds numbers detectable by this
method. A marked improvement in sensitivity (cc/hr or cc/sec) may be
attained by reducing the diameter of the flow channel in the sensing area,

thus increasing the flow velocity.

Fuel cells operate on a reverse electrolysis principle wherein a voltage
is generated between two plates during the reaction of an oxidizer and a
reducing agent. This principle has been applied to commercial oxygen and

hydrogen concentration monitors. These generate a voltage proportional to
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are adjusted so that only the ions with the proper charge to mass ratio
strike the cathode. Ionization is normally accomplished by passing the

sample over a hot wire.

Mass spectrometers are in general use in ground leakage measurements of
hydrogen and helium and other gases and their use has been proposed for
flight systems. They may also be used as an analytic tool to determine
leakage sample composition. Successful operation of a mass spectrometer
tube at cryogenic temperatures has been demonstrated. Further work in
this area is required to produce a spaceborne system. The mass spectro-
meter has higher sensitivities than any of the methods listed with the
possible exception of the radiation type sensor.

Acoustic leakage sensors normally measure the velocity of an acoustic wave
transmitted in the direction of flow and compare it with the velocity of

one transmitted against the direction of flow. This approach has been

used in commercial flow meters and is capable of relatively high sensitivity.

Burst diaphragms have been used as go no go and long term inspection leakage
surveillance devices on rocket engines. The diaphragm closes off a cavity
into which leakage will potentially flow. When a certain quantity of fluid
leakage has occurred the diaphragm ruptures. A problem is encountered when
this approach is used with cryogenic propellants. Cryogens may cause cryo-
pumping in the measurement cavity with resulting diaphragm implosion. This
may be partially overcome by venting the measurement cavity through a small
orifice but this markedly reduces sensitivity. Remote readout may be pro-
vided to indicate diaphragm failure. Data is principally qualitative and

once failure occurs, no further leakage monitoring is possible.

Thermal leakage sensors sense the temperature change due to the isenthalpic
expansion of the leaking fluid across the valve seal and compare it to the
bulk fluid temperature. These sensors are extremely simple and they may be
easily encapsulated in propellant compatible materials. Sensitivities of

3.66 x 10°° cubic inches per hour with water and 4 x 10™% cubic inches per

hour with hydrazine have been obtained.
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be used to obtain consistent results. For example, consistent repeated
on-off transients can usually be obtained for solenoid actuators by using a
gated, precision regulated power supply in a temperature and humidity
controlled laboratory. The on-time of the gate is adjusted slightly in
excess of the on transient time of the solenoid actuator. This procedure
greatly reduces the heating usually caused by steady actuator coil excita-
tion. This heating changes the coil resistance which affects the final coil
current and the time constant of the transient characteristic. A one shot
multivibrator or triggered single cycle square wave generator or pulse
width timing switch may be used for gating the power supply. Figure 5-1
illustrates a system which is useful for obtaining consistent, repetitive,
on-off current and voltage transients for a solenoid actuator coil. Figure
5-2 is an illustration of a current and voltage on transient trace for a
solenoid valve obtained with the system shown in Figure 5-1. Frequent re-
peated transient tests were made with all results being exact replicas of
Figure 5-2.

The current transient obtained with the poppet position blocked closed is a
useful -comparison reference. The current transient obtained with a moving
poppet may be compared to determine the sta;ting time for armature motion.
A blocked armature current transient with a distinctly faster than normal
rise time is indicative of shorted actuator coil turns. It is also possible
to detect shorted turns with the poppet blocked closed, by measuring the
incremental inductance on a low level audio frequency bridge. Low bridge
excitation at high audio frequencies will minimize or eliminate the effects
of poppet motion or buzz, 1 to 10 KHZ should be sufficient. Low inductance
relative to a statistically normal production inductance is indicative of
shorted turns. Shorted turns should be cause for rejection because it is
indicative of faulty coil winding and will usually cause a large change in

pull-in-time.

Comparison of blocked and moving poppet current transients of a solenoid
valve will give information on the time of motion initiation. A double
exposure photograph with both transients on one photograph will give a

precise overlay comparison of both transients or a memory oscilloscope may
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VALVE POSITION INDICATOR STUDY

Introduction

Position indication for solenoid valves is normally obtained from the
transient current and voltage characteristic of the actuator coil. In some
cases the current and voltage time traces are not properly interpreted re-
sulting in rejection of the valve during qualification tests. Other posi-
tion indicator techniques utilize a mechanical linkage coupling the position
transducers such as an LVDT, resistance potentiometer, or photometric device
to the linkage. On or off status may also be confirmed by precisely located
switching devices coupled to the linkage. Many actuators do not couple to
the valve mechanism through a mechanical linkage and conventional position
indicating and measuring devices cannot be used. Solenoid valves without
external position measuring devices may use various in-situ methods for
position determination which are constructed as part of the actuator
assembly. Position measuring methods suitable for solenoid valves which do

not permit mechanically coupled external measuring devices are also considered.

Current and Voltage Transient Data

There is a relationship between armature velocity-position characteristic
and the transient current-voltage characteristic. This relationship is
complicated and a simple, unique, direct and linear relationship does not
exist between actuator armature position and the transient current-voltage
characteristic. This relationship is considered in detail in Section IV of
this report under the High Speed Solenoid Actuator Study. Limited informa-
tion on armature motion can be obtained from the time derivative of the
actuator coil on-off current/voltage characteristic. The derivative may be
augmented, biased or clamped and stored to obtain a useful display of the
result if the actuator coil on-off current voltage is stable and consistent,
independent of environmental effects, supply voltage, load and source
impedance, fluid pressure, etc. These qualifying restraints do not usually

exist and therefore this method is not used extensively.

Information obtained from the actuator current/voltage on-off transient is

very.useful for laboratory study where carefully controlled conditions can
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be used for direct visual comparisons. The results of such a visual or
photographic comparison may be similar to Figure 5-2. It is apparent that
point a in Figure 5-2 is the point where the unblocked poppet motion begins
because this is where the two current traces begin to depart from each other
due to poppet motion. The deviation from the blocked armature transient on
path a-b is small due to low armature velocity during this interval; hence,
existing practice has assumed armature motion begins at b and is complete

at ¢c. It is possible for a solenoid actuator to have a current transient
similar to the dashed curve on Figure 5-2 with normal armature travel with
conditions of high viscuous or fluid damping, in this case the completion of
armature travel is not well defined, yet the fluid flow characteristics of

the valve opening may be acceptable.

In-situ Valve Position Indicators

The following in-situ position sensing methods are considered.

1. LVDT Coil

2. Magnetoresistance Resistors
3. Hall Effect Magnetic Sensors
4

. Photometric Transducers

LVDT Coils

A carefully matched pair of differentially opposed coils may be installed
on the inside radius of the driving coil as shown in Figure 5-3. The coils
may be located to produce a null output for either the fully closed or
fully open position enabling very small deviations from the fully open or
Closed position to be measured precisely. Three coils may be installed to
enable measurement of deviations from fully open and fully closed position.
One pair of the three provides null output at the fully open position and
the second pair is null output at the fully closed position. The real time
position information obtainable during switching transients is limited
because the changing actuator field caused by the solenoid coil current
transient contributes somewhat to the LVDT output indication. The static

null position measurements can be very accurate and quantitative nominal
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deviations from null are affected only slightly by environmental factors

and coil excitation.

Figure 5-4 is a diagram illustrating the use of in-situ LVDT coils for
measurement of the static on and off position of the solenoid actuator.
Carefully placed in-situ LVDT coils promise to be a very sensitive and
precise method of measurement for static on and off position errors for

in-flight and laboratory measurements.

Magneto Resistance Sensors

An electrical resistance which changes when exposed to a magnetic field can
be used in a position sensor technique. The resistance is temperature
sensitive, consequently matched pairs of magneto resistors exposed to iden-
tical temperature must be used in a differential opposing circuit to cancel
temperature effects. Three magneto resistors may be in-situ in the solenoid
actuator to obtain null outputs for the desired on and off actuator positions.
The null outputs are insensitive to actuation coil transient excitation,
operating, and environmental conditions. The magneto resistance error sen-
sing system can give real time actuator position information during actuator
on-off transients if the inductive coupling of switching transients to the
magneto resistance sensor circuits is precisely compensated by an identical
opposing inductive coupling. The magneto resistance sensor system can
operate directly from the spacecraft ac or dc power supply without compli-

cated power conditioning systems.

Magneto resistance sensors offer advantages of accurate real time transient
and static position information, simple power supply requirements and high

position error sensitivity.

Figure 5-5 illustrates the installation of three matched magneto resistors
to assure immunity from temperature changes and to obtain position error
information for the actuator on and off conditions. Figure 5-6 illustrates

a system using in-situ magneto resistors to obtain information.
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CONCEPTUAL STUDIES

Electromagnetic Meter

The electromagnetic meter concept traces back to Faraday, however, it still
has basic advantages for high reliability systems in that it has no moving
parts. The principle involved is that motion of a substance in a magnetic

field results in an induced voltage.

r A @

=

" As shown in the sketch when a flow w (or velocity v) occurs perpendicular
to the magnetic field vector B a voltage V will result between plates A1
and A2. This voltage is proportional to fluid velocity and is independent

of symmetric velocity distributions across the duct.

st(va)-dl-ﬂg%-ds (1)

where 1 is the width of the channel, t is time, and ds is incremental area.

Figure 5-7 shows a flow meter concept utilizing an ac magnetic field
to allow flow measurement of insulating and poorly conducting fluids. The
use of a periodically varying magnetic field also eliminates problems due

to electrolysis, polarization, stray electromagnetic fields, and flow
induced electrostatic fields.

The meter's output is again described by equation (1) however, two magnetic

5-18



Hall Effect Position Sensors

A Hall effect transducer produces an output voltage proportional to the
magnetic flux density perpendicular to the sensor surface. The installa-
tion and characteristics are similar to the magneto resistance sensors
described. Hall effect transducers are less sensitive than the corres-
ponding magneto resistance transducer and in addition, require a resistance

null error balance adjustment.

Photometric Position Error Sensing

Very compact, solid state, infrared or visible light sources and sensors
are available which may be used in-situ in solenoid actuators. The light
source sensor system is installed with the light beam transverse to the
actuator motion and properly located with respect to the actuator armature
end boundary to obtain a null output from the photometric system at the
desired on or off position. The circuit concepts and performance charac-
teristics are believed to be comparable to the magneto resistance sensor
system, however, a transparent, nearly constant light.transmission path
must be available transverse to the armature motion. If the armature is
operated in the propellant, the fluid must offer little attenuation to the
transverse light beam,

Conclusions and Recommendations

Actuator motion data inferred by processing the on-off current and voltage
transient of solenoid actuator coils does not provide a simple dependable
means of measuring on and off actuator position errors. This type of data
is valuable in laboratory studies of actuator performance where controlled
conditions enable consistent results. Techniques for using the on-off
current and voltage transients for laboratory investigation can extend
beyond accepted practices. Efforts should continue to demonstrate and
describe suitable laboratory techniques.

The in-situ methods described here for armature on-off position error
measurement deserve further experimental investigation as methods for
in-flight actuator position measurement. These methods can provide static

and dynamic position information.
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fields in opposite directions are used to cancel the effects of the second

term. The induced voltage for each coil is then described by:

V=f(va)~dl (2)

where, if the magnetic field is varying sinusoidally
B = B° cos wt (3)

w is the radian frequency or, w= 2rf,where f is the frequency.

Substituting and solving we obtain

V=vl Bo cos wt 4)

Two coils were used with magnetic fields, and therefore induced voltages,
in opposite directions. This cancels the effects of spurious fields.
Connecting these in series, as shown in the sketch, Figure 5-7, doubles
the output signal. ’

Thus: V=2vl Bo cos wt (s)
It is seen that the voltage must be of the form:

V=V cos wt (6)
therefore: V=2yvl Bo (7)

The following numeric example illustrates the potential sensitivity of

the meter in a large duct.

1.8 webers'/meter2

Take: Bo =
v = .1 meter/sec
Vo = 10_6 volts. Minimum voltages easily measured with
min routinely available equipment.

Flow channel = 4 cm x .4 ¢cm, a = 1.6 cm2 (area equivalent to
.5625 in. dia. tube)
l=4cm
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Transmitters

\
1 l A Receiver

Receiver L—— 2Ny =t 5 ), ——l

The time for the sound wave to travel between the transmitter and the

upstream receiver is:

5

0
t, = v (1)
1
and between the transmitter and downstream receiver
5 A
o
t, = 7 (2)
2
With no flow the time becomes:
p) Ao
t = in both cases. (3)
o A

Now, if we compare the phase of the wave arriving at the upstream receiver

to that arriving at the downstream receiver, the time difference is:

t¢ = (tl - to) + (to - tz)
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Then: vV = 2x.1 me;:r X .04 meter x 1.8 webers
. ° S meter
V. = 1.44 x 1072 volts
Flow rate, q = va (8)
cm 2
q=10 sec X 1.6 cm
3
cm
= 16 sec
and the specific signal is:
Vo = 9 x 10-4 volts
sp cm™/sec
1f V° = 10'6 volts as noted, the minimum flow which may be sensed is:
min i

Quin = 111 x 1073 cmslsec

or approximately .244 in?/hr. The sensitivity will be considerably higher
for smaller ducts. More sophisticated voltage measurements could improve
the sensitivity by as much as a factor of a thousand. Approximately 25
in?/hr sensitivities are presently attained with electrothermal type

flow meters.

Acoustic Meters

Acoustic meters have been made which measure the deflection of an acoustic
beam transmitted perpendicular to a fluid flow. The frequency measurement
of the repetition rate of a self triggered acoustic wave transmitted over
a known distance with and against a fluid flow has also been used. A more
sensitive acoustic flow meter may be made which measures the Doppler phase
shift of a sound wave when traveling with, and against the fluid velocity
in a duct. This phase shift is directly translatable into a fluid velocity
measurement and therefore gives a flow measurement. A possible arrangement

is shown schematically below.
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this gives:
4

1.8 x 10°
t;, = ——————5
360 x 10
t¢ = §5x lO-l3 sec
min

Substituting for v_ eand v, 1in equation (5)
1 2

1 1
tﬂ‘ = 2 X (Zvo-vfi - Zvo+vf$)

1
10\ v v v
t¢= g L (l-v—f) (l+;£)
v o] o
o
Since Ve is small compared to Vo in our case this reduces to:
10 Ao Ve
v
o

then for the example

4, = 0x5x 1072 x .33 rt/sec
(5 x 10%)% ££2_
sec
t¢ = 6.6 x 1077 sec
If we choose a tube area of 1.6 cm2 » &8 before, the flow rate,
q, is
3
cm
1 = 16 sec
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or

t¢ = tl-tz ‘ (h)
then 5 Ao 5 Ao
=5 -3
Sl 52
1 1
By = 52X, (;,— - = (5)
8) 82

the time required for one wave to occur is
1

then the phase shift is
¢ = £t4 2x radians - (7)
g = ft¢ (360) degrees . (8)
Now let us examine & numeric example to illustrate sensitivity.
Let: f = lO5 cps

5 x 103 f£t/sec
5 x 1072 £t

v
e}

AO
180° phase change = 10 volts

vmi = lO'6 volts as before
n

Then we may sense a phase shift of:

-6

107° -5
180 x 5 < 1.8 x 10 7 deg.

¢min
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Acoustic Pressure - Leakage Measurement Technique

The acoustical method of pressure and leakage measurement described below
has the advantage of being insensitive to the pressure or absence of gravity
fields. It may be made quite rugged to withstand a spacecraft launch
environment or allow field use on the ground

The concept is based on measuring the ‘acoustic impedance or transmission
characteristics of a chamber or line. A sound wave is produced by exciting
the input transducer at a known level. The intensity of the wave at the
receiver or output transducer is then examined. A schematic of the system

(Figure 5-8 ) illustrates the concept.

The pressure is calculated from the wave intensity and physical dimensions
of the transducers, chamber and the species present. Preliminary calcula-

-16 watts/cm2(0 db) for
mean chamber pressures of 10'8 torr and an input transducer motion of 10~

tions indicate a receiver intensity of 1.63 x 10
4
times the chamber volume is possible. This signal strength should be
easily detectable.

Leakage measurements may be made by monitoring pressure over a known time
with a known chamber volume. Since chamber volume may be precisely deter-

mined, an extremely sensitive leakage measurement is obtainable.

,TRANSMITTER IVER

/

) ) ) )

ISOLATING
MOUNTS

Figure 5-8. Acoustic Pressure Measuring Device
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then

% .. a
nin = —
¢
x 10733
= 2———'—_9 Xl6
6063‘10
3
-3 emd
= 1l.21 x 10 oo

or .266 in3/hr

This is two orders of magnitude better than electrothermal flow meters and
might be improved further with more sophisticated sensing techniques and

optimized tube geometry.
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THE FORMATION OF SURFACE FILMS BY ELECTRON BOMBARDMENT

Final Report of Work Carried Out
at the School of Chemistry
University of Bradford

by

Professor M. W. Roberts
and
Dr. J. R. H. Ross*

9 October 1967

SUMMARY

A study has been made of the adsorption of the tetramethylsilane molecule
on evaporated films of tungsten and iron at 20°C and above. The method
adopted involved ultra-high-vacuum techniques and a combination of vol-
umetric and mass-spectrometric measurements, the nature of the adsorbed
layer being further characterized by exchange with gaseous deuterium.
Tungsten was found to dissociate tetramethylsilane to'a much greater ex-
tent than did iron; the breakdown was particularly marked with respect to
the cleavage of carbon-silicon bonds, as evidenced by the appearance of
methane in the gas phase. The effect of electron bombardment of the
adsorbed layer, both in the absence and presence of excess silane, has
been studied briefly on tungsten films; in the presence of excess silane,
electrons were found to cause further reaction of the silane. The rate of
reaction appeared to be governed by either the electron current or by the
pressure of the silane, depending on the conditions. This would indicate
that at any pressure a certain proportion of the surface is covered by
adsorbed molecules which are capable of reacting, and these will react if
struck by an electron. Reaction was also found to occur if several layers
of silane were adsorbed physically by cooling the surface to -195°C, and
the surface was bombarded with electrons; the rate was found to depend on

the electron current.

*The experimental work was done by R. H. Colburn, with the assistance
of R. E. Jones and T. P. Solheim.
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VI  THIN FILM STUDY

Thin organic film coatings applied to metal substrates using electron

beam bombardment techniques are being investigated. Applications of these
films may include anti-cold welding coatings, lubrication, propellant
compatibility and seal technology. Film formation studies include varying
the electron to monomer (siloxane) ratio followed by laboratory tests for
chemical compatibility, vacuum thermal stability and mechanical stress.

Two universities are under subcontract to perform fundamantal investiga-
tions of the chemical kinetics of electron polymerized siloxane DC 704 film

and to examine the possible use of other monomer materials as films.

The final report representing the period from 9 October 1966 to 9 October
1967 submitted by the University of Bradford, England, and the final report
representing the period of performance from 1 July 1966 to 1 July 1967
submitted by Dartmouth College, Hanover, New Hampshire are reproduced in
the following pages.

Page
The Formation of Surface Films By
Electron Bombardment 6-2
Physical and Chemical Properties
of Thin Polymer Films 6-24
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The initial adsorption step will be intimately tied up with adhesion
properties of any polymer formed. The metals chosen for the study were
tungsten and iron because by analogy with the adsorption of hydrocarbons,
widely different extents of dissociation might be expected.

PREVIOUS STUDIES

Continuous or polymer films have been formed by any one of a number of
methods:

(1) Electron bombardmem:,l'9
(2) U. V. radiation, 10-11
(3) In a discharge t:ube,lz"15

In general, the method of formation has been dictated by the vapor pressure
of the monomer. If the vapor pressure is greater than about 1 mm Hg., then
the discharge tube method is most convenient, but the method has several
disadvantages, the main one being that the energy of the particles in a
discharge is not uniform and therefore the properties of the resultant
polymer cannot be controlled accurately. A very large number of monomers

have been used in these studies, ranging in complexity from methanels, to

13,15

styrene , ferrocenels, and various siloxanesl4. Polymerization by the

ultra-violet method is limited to molecules containing double bonds which

may be excited by the radiation e.g., such molecules as butadiene10

and
methylmethacrylatell. Polymers formed by this method tend to be soft and
flexible with properties more like those of the bulk polymer; and there are
also difficulties due to gas-phase polymerization and deposition on the
quartz windows. Electron beam polymerization is the most easily controlled
method. Monoenergetic electrons may be used and clearly defined patterns
may be obtained by focusing the electron beam. The disadvantage of the
method is that the polymerization rate is lower, as the monomer pressure
is restricted to about 10'3 mm. Polymers have been formed from vacuum
greasesl’z, diffusion pump oilsz, butadiene6, epoxy resinsga and various
methyl siloxaness.
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OBJECT OF STUDY

The object of the study is to gain an understanding of the physical
structure and the chemical kinetics of continuous film formation and the
importance of the electron/monomer ratio. Of particular interest in this
context is the monomer DC704, a tetramethyltetraphenylsiloxane of

molecular weight 484, probably with the structure:

C6H5 CH3 C6HS

| | |
CH3 -8 -0-81-0-8i- CH3 (determined by geometrical considerations)
| I |

C6H5 CH3 C6H5

Owing to the extremely low vapor pressure of this material at 20°C and the
consequent difficulty of handling it quantitatively, as well as the very

large number of product gases which might be expected, (e.g. CH4, HZ’ C6H6’

silanes, lower siloxanes, etc.) it was decided to commence by studying the
simpler molecule, tetramethylsilane,

CH

CH3 - S81i - CH3

Cl-l3

3

This molecule has a much higher vapor pressure and can therefore be
admitted to an evaporated metal film quantitatively through -80°C traps,
which exclude mercury from the film. The silicon atom of tetramethylsilane
has a similar type of bonding to that of the central silicon atom of DC704
and also the products of any reaction would be much simpler than from
DC704. Previously there have been no studies of the adsorption of silicon
compounds by clean metal surfaces, and it was therefore believed necessary
to study this reaction before using the electron bombardment method of
application.
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APPARATUS AND EXPERIMENTAL METHOD
Three features are required of the apparatus to be used:

1. It should be possible to prepare atomically clean metal surfaces of
reasonably high area: this can be achieved by thermal evaporation of the
metal onto a glass substrate under ultra-high vacuum conditions (i.e.,

<1078 mn Hg.).

2. It should be possible to dose gases onto the metal films thus prepared
in a quantitative fashion; the gases may be dosed from storage bulbs,
through a series of mercury cut-offs, into a known volume which includes

a McLeod gauge with which the pressure may be measured, and hence to the

metal film.

3. It should be possible to analyze the product(s) of any reaction with
the metal film; considering the small quantities of gas involved, the only
technique which allows accurate analysis is that of mass-spectrometry.

Figure 6-1 shows the apparatus which has been constructed to meet these
requirements. T1 to Ts inclusive are bakeable metal valves; the remainder
of the system is constructed of Pyrex glass. The area within the dotted
lines may be enclosed in an oven which is capable of operation at tempera-
tures up to 350°C, but which is generally used at about 250°C. The traps
outside the oven may be surrounded by tube furnaces and baked at the same
temperature, and the McLeod gauge and cut-offs C1 and C2 may be flamed
with an air-gas flame.

A typical procedure for an experiment is as follows:

(a) The entire system is baked for a period of upwards of six hours;
after the first hour, the bakeout is interrupted in order to carry out the
initial outgassing (and in the case of the iron, reduction) of the metal
filament (see later).

(b) Traps 1 and 3 are surrounded by Dewar flasks containing liquid
nitrogen, and trap 5 by a flask containing a solid C02/acetone mixture
(-80°C).
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After the film has been formed, valves Tl’ TS’ T4, and TS are closed, and

a dose of tetramethylsilane is admitted to the section Tscl and the
pressure is measured. A pressure of 1 x 10'3 mm of tetramethylsilane in
this volume corresponds to 2.50 x 10-3 cc or 6.77 x 1016 molecules.
Similar, but not necessarily equal factors apply to the other gases en-
countered in the study. Calibration factors have also been obtained
relating pressures in the volume TSC, to the resultant pressure on expan-
sion into the volume T4T1C1, i.e., the reaction volume. The purity of the
tetramethylsilane can be checked by condensing it in the cold-finger (CF)
at -195°C, when its vapor pressure is about 2 x 10'5 mm Hg., which shows
that it is clear of non-condensible gases such as 02 and NZ‘ After the
dose has been measured, it is admitted to the film by opening TS' After
several minutes, a liquid nitrogen trap is put around the cold-finger and
the tetramethylsilane is condensed back to TSCI; the completion of the
removal of the silane can be checked with the Pirani gauge, P.G. The
composition of any non-condensible product gas can be found by opening T,
wide and 'I‘3 slightly until a pressure'of about 10'7 mn Hg. is obtained in
the mass-spectrometer tube, if necessary using slight adjustment of Tz.
The peak heights of the various ions in the ion chamber are then measured
and the pressure of non-condensible gas is measured concurrently with the
McLeod gauge. T4 is closed after each mass-spectrometer scan but T2 and
T3 are not touched during the course of an experiment. The extent of
reaction of tetramethylsilane may be obtained at any stage by closing the
valve Ts, measuring the non-condensible pressure (Pnc) (i.e., Hz and/or
CH4), removing the -195°C trap and measuring the total pressure (PT). The
condensible fraction throughout assumed to be tetramethylsilane; it cannot
be measured using the Omegatron mass-spectrometer as the voltage of the
ionising electrons in the Omegatron is 208 volts, which causes excessive
fragmentation of the silane molecule. If it were possible to operate the
spectrometer with a lower ionising potential (about 20V) it would be
possible to measure the components in the gas phase at any time without
condensing out the tetramethylsilane. The relative sensitivity of the

mass-spectrometer for hydrogen and methane (¥Y/x) may be obtained by
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(¢) The oven is turned off and the glassware and valves are allowed

to cool slowly towards room temperature.

(d) When the glassware is still hot, outgassing of the metal
filament (F) in the reaction vessel (R) is commenced and the ion gauge is

6

outgassed. When the pressure has fallen well below 10" mm Hg., the fila-

ment of the Omegatron mass-spectrometer (MS) is turned on and outgassed.

The outgassing and film-throwing procedures for the two metals are as

follows:

Tungsten

The filament is wound from about 15 cms of 0.2 mm diameter tungsten wire.
This is attached to the 0.5 mm tungsten rods of the glass-metal seals by
means of nickel clips, which enables the filament to be removed after

throwing the film, allowing the weight of the film to be determined. The
filament is outgassed at a current of 4.6 amps, with occasional bursts at
6.0 amps, and when a pressure less than 10'8 mm Hg. is attained, the film
is formed with the walls of the reaction vessel at room temperature at a

current of 6.2 amps.

Iron

The filament is wound from about 12 cms of 0.5 mm diameter 'Spec pure"

iron wire. After the initial short bake, the filament is reduced in 1 cm
of H2 at 1000°C, and is then outgassed at a current of 2.7 amps (~880°C),
followed by the prolonged bake. The final outgassing is carried out at

2.7 amps, with bursts to 3.4 amps (~1100°C), until the pressure is less
than 10'8 mn at 3.4 amps. The film is formed at a current of 3.6 amps

with the reaction vessel at -80°C. The film is sintered at 150°C for

about 10 minutes; the pressure during this step does not rise above 5 x 10'9
mm. Before throwing the film of either metal, traps 1, 2 and 5 are topped
up, and trap 3 is filled with liquid nitrogen and trap 4 is filled with
powdered solid COZ'



with hydrogen atoms bound to the carbon skeleton. The equilibrium is:

H, + D :éé:: 2 Hh—==2 Ha

2 + 2D

ds ads

K = 2.87 at -80°C, 3.24 at 20°Cl®

If it is assumed that the proportions of hydrogen and deuterium in the gas
phase are the same as on that part of the surface which is in equilibrium,
then knowing the volumes of deuterium and tetramethylsilane added to the
system, the number, n, of exchangeable hydrogen atoms per silane molecule
can be calculated at any time. Experiments of this type were carried out

in a reaction vessel (R) of the type shown in Figure 6-1.
2. The effect of electrons on the adsorbed layer.

3. The effect of electrons in the presence of an excess of tetramethyl-

silane. Only preliminary studies have been carried out in this category.

Figure 6-2 shows the reaction vessels used in categories (2) and 3).

2(a) incorporates a gun of tetrode construction. A cadmium sulphide coated
disk which can be moved in and out of the electron beam from a side-arm
facilitates focussing of the gun. It also serves the dual purpose of
protecting the gun during the deposition of the evaporated film. Electri-
cal contact to the film is made by a platinum foil sealed into the glass
and attached to a tungsten rod sealed through the pyrex (C). This reaction
vessel has the disadvantage that only a small proportion of the film is hit
by primary electrons, while the rest of the film is hit by secondaries.
Therefore, it is not possible to talk of the extent of reaction in terms of
the number of layers formed, as it is not obvious on what proportion of the
total surface reaction occurs. 2(b) is of diode construction, and with it

the total film area is bombarded with electrons. The cathode is a small
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solving two simultaneous equations:

Pr = x. (hy #); + y. (ho, +)
T, Hy""1 CHy" 71

and P = x, (hy +), + y. (h., +)
T2 l-l2 2 CH3 2

where subscripts 1 and 2 correspond to two different sets of readings,

hH2+ and hCH3+ are the peak heights for hydrogen and CHs+ ions respectively,
and x and y are the partial pressures of hydrogen and methane, respectively,
in the reaction vessel giving rise to unit HZ+ and CH3+ peak heights. The
method works if the relative pressures of hydrogen and methane are different
from one measurement to the other. In some of the preliminary experiments,
the leak rate was varied during the experiment and so the experiments had to
be abandoned. From the calculated partial pressures of H, and CH4 the num-
ber of molecules of H2 and CH4 (in H2 and in CH4) desorbed per adsorbed
tetramethylsilane molecule can be calculated.

Three types of experiment have been carried out:

1. Adsorption at 20°C, followed by desorption of products at various
temperatures. In some of these experiments, the reaction vessel was then
cooled to -80°C and deuterium was added, and the exchange reaction was

,» HD,
and 02 may be obtained by a similar method as for H2 and CH4, or may be

followed mass-spectrometrically. The relative sensitivities for H

obtained before the experiment by equilibration of known mixtures of HZ’

HD and D2 by the hot metal filament with the leak conditions to be used

2 HD and D2 do not

vary as much with leak conditions etc., as does the relative sensitivity

for the experiment. The relative sensitivities for H

for H, and CH,. The exchange experiments depend on the assumption that
gaseous deuterium will equilibrate with adsorbed hydrogen atoms and gaseous

hydrogen molecules and that this equilibrium will occur more rapidly than



loop of 0.2 mm tungsten wire which may be outgassed in the same way as
the filament (F). Currents up to several milliamps at 50-500 V can be

achieved with this arrangement.

RESULTS AND DISCUSSION

(a) Adsorption Experiments

Some typical experiments are reported in Table 6-1 for adsorption at 20°C
on tungsten and in Table 6-2 for iron, at the same temperature. For iron,
the coverage of the surface with silane is shown relative to the krypton

monolayer determined after the experiment.

VSi(CH3)4ads

Vg

e =

b

For comparison with these figures, a value of © has been estimated for
tungsten from the weights of the film using some data relating film weight

and volume of the krypton, VKr determined previously. V., _was in some

cases determined after the adsorption of tetramethylsilaﬁz, and was found
to be lower than that estimated, i.e., there is a decrease in the surface
area apparent ot the gaseous krypton atoms after the adsorption of the
silane. This decrease in area must be attributed to 'blocking of pores"
by the large silane radicals involved, permitting krypton adsorption on
the geometric surface only, i.e., the uptake of krypton corresponded to

an area of about 120cm2

, or approximately the geometric area of the inside
wall of the reaction vessel. This is of importance when considering the
build-up of polymer above the layer of chemisorbed silane, as each
"completed layer' will correspond to less than the initial amount of
silane chemisorbed. Tables 6-1 and 6-2 also show results of experiments
where deuterium was added to the system after cooling to -80°C where such
equilibrium experiments were carried out. Values of n are accurate to

about * 1.0, but two significant figures are shown to indicate trends in
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As for tungsten, the adsorption of the silane at 20°C followed by heating
to 130°C may be depicted by a scheme of the type:

. Fe .
Si (CH3)4(g) 20 c (S1C4H 1 0)ads + 2 H4
130°C
(SiC3.74H~9)ads + 0.4 Hads + 0.26 CH4(g) + 0.78 HZ(g)

The actual values of ny and N_gge vVary slightly from run to run, but they
indicate that little or‘no further hydrogen is liberated from the silane on
heating apart from that which appears as gas phase methane. Again, there is
no evidence whether or not Si-C bond cleavage has occurred on the surface,
but iron causes considerably less breakdown than tungsten as evidenced by

the gas phase products.

It is interesting at this stage to compare these results with the adsorption
of hydrocarbon on metal films. Figure 6-3 shows the number of exchangeable
hydrogens found at various temperatures after the adsorption of neopentane,
C(CH3)4, by films of tungsten at -80°C (a), and after heating the adsorbed
species to 160°C (b). The exchange at -80°C allows the surface radical to
be characterized and is of most interest; the results at higher temperatures
however serve to illustrate the point made above concerning the exchange at
higher temperatures, showing a gradual change of some sort in the adsorbed
radical. The scheme evolved for the adsorption of neopentane on tungsten
is:

+ 3H

W
C(CH3) 4 (8) ———= (C5 Hy), ., ads

-80°C
160°C

"
(CS H7)ads+ 2.5 HZ(g) + 7 CH4(g)
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n. The silane would appear to be adsorbed according to the equation:

. W .
SI(CH3)4(g)--56:E_'.(SIC3.96H-10.0)ads + 1.3 Hads + 0.04 CH4(g) + 0,36 HZ(g)
50°C
(Slc3.55H~v5.S)ads + 3.4 Hads + 0.45 CH4(g) + 0,82 HZ(g)
130°C
J
(Slc3.09H-4.8)ads + 1.0 Hads + 0.91 CH4(g) + 1.30 HZ(g)

This scheme is deduced from the data shown in Table 6-1. The composition of
the surface phase is only approximate. The actual proportion of CH4(g) and
HZ(g) appears to vary from run to run, and although part of this variation
may be due to the uncertainty in the relative sensitivity for the two masses
in the mass spectrometer, it is probable that such a variation does occur;
for example in some runs only methane was observed at 20°C but in all the
runs hydrogen was observed at higher temperatures, and so the lack of
hydrogen at 20°C was not an instrumental error. The breakdown of carbon-
hydrogen bonds and of carbon-silicon bonds occurs at room temperature.
Further C - H bond cleavage occurs at between 20°C and 50°C, but the
majority of the freed hydrogen atoms is not liberated to the gas phase

until higher temperatures and then some of them appear in methane. No

4(g)
formed either via adsorbed monocarbon species or by direct desorption from

evidence can be obtained concerning Si-C bond cleavage and CH may be

the skeleton.

The adsorption of tetramethylsilane on iron at 20°C occurs to approximately
the same extent as on tungsten (see Table 6-2), and it may be noted that
the estimated VKr values for tungsten must be of the correct order. The
difference in absolute uptakes of the silane is due to the high surface

area of tungsten films compared with that of iron films.
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The presence of very small quantities of methane was inferred, but this was
not conclusive due to the presence of rather large background methane peaks
in the mass-spectrometer set-up used. The uptakes of neopentane were very
similar to those obtained in the present work for tetramethylsilane. It
would appear that the central silicon atom causes very different behavior;
the weaker C-Si bond (about 10 kcal/mole less than the C-C bond) appears to
break much more easily, resulting in desorption of methane. © values for
the adsorption of tetramethylsilane on tungsten and iron were approximately
0.4 to 0.5. It can be shown that one krypton atom is adsorbed for every 2
to 3 metal sites, and so one silane molecule is adsorbed per 4 to 7 sites.
Thus, for example, the surface radical on tungsten at 20°C, SiCN:S'SHN10
occupies somewhere between 3 and 6 metal sites, which is quite possible
according to its size: its cross sectional area is about 30 Rz while that

. 22
of tungsten is 7 A".

Table 6-3 shows the results of an experiment at 20°C in which dose (1)
represents incomplete adsorption, dose (2) represents complete adsorption,
and dose (3) the slightly enhanced adsorption after pumping the system for
several minutes. vSi(CH3)4ads corresponds to the total amount of the
silane adsorbed, whereas VHZ(g) and VCH4(g) corresponds to the amount of
hydrogen and methane in the gas phase at any time. It will be seen that
from dose (1) to dose (2) the proportion of desorption of products; rela-
tive to the amount of the silane adsorbed increases, indicating displace-
ment of both methane and hydrogen during the enhanced adsorption. Pumping
the reaction vessel allows further reaction to proceed and this reaction
must occur on sites vacated by desorbed material of some sort. That
hydrogen only was involved was shown in another experiment by pumping only
section TSC1 (Figure 6-1 ) and then expanding into this volume from TiT4TS’
when an increase in the amount of hydrogen, but not of methanc, was found.

Table 6-4 shows that the adsorption of the silane at 20°C incrcased grad-

ually with time. The rclative proportion of carbon in the radical hardly
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changed, but that of hydrogen decreased, indicating that the gradual pro-
cess is due to the displacement of adsorbed hydrogen by the excess silane.
This type of rate process was observed with neopentane on tungsten17, when
the neopentane was found to displace a pre-adsorbed layer of hydrogen by a
rate process. These results will explain to some extent the variation of
VCH4/VH2 shown in Tables 6-1 and 6-2, this ratio determined by both
whether an excess of silane was added and by how long the silane was left

in contact with the surface.

The adsorption results show that tungsten causes much more breakdown of
the silane on adsorption at 20°C and that the higher the temperature to
which the surface is raised, the more nearly the surface composition
approaches that of silicon carbide (SiC). The composition of the surface
layer will have considerable effect on the properties of the polymer

formed, e.g., on its adherent properties.

(b) The Effect of Electron Bombardment

Four preliminary types of experiment have been carried out at 20°C, in all

cases after adsorption of tetramethylsilane at 20°C.

(i) Bombardment of the surface in the presence of a vapor

pressure of 10°° mm of silane.

(ii) Addition of silane to the surface after (i) or after

bombardment in the absence of a source of silane.
(iii) Bombardment in a vapor pressure of 10" mn of silane.

(iv) Bombardment of a physically adsorbed layer at -195°C.

Table 6-5 shows the results of an experiment which was designed to cover
each of the above points in turn. The number of electrons striking the
surface (e), the total number of silane molecules reacting (m'), and
(where appropriate) the number of molecules striking the surface (m), all

in the total time of the experiment, are shown, together with the number
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. e
of electrons necessary to cause one molecule of silane to react (-/m').

The electron voltage throughout was 100V,

It would appear that process (i) is inefficient in producing reaction, in
that only one in 270 electrons causes any reaction. Although more mole-
cules than electrons strike the surface, it would appear that insufficient
molecules reach the surface in the correct form to react. However, the
fact that when excess silane is admitted to the surface (case 1ii) further
reaction occurs, would indicate that some sort of active surface has been
generated by the electron. The uptake shown in case (ii) corresponds to
about one geometric monolayer. Both cases (;ii) and (iv) appear to be
efficient processes. In (iii), the pressure has been raised sufficiently
so that each electron which reaches the surface is capable of causing
reaction i.e., the supply of molecules in suitable conformation to react
has been increased. The rate of reaction therefore depends on either

the pressure or the electron current; in the former case, (e.g., case i),
e/m'>-1, whereas in the latter, e/m'ill (case iii). Bombardment of a
quantity of physically adsorbed silane also gave considerable reaétion
(case iv), with the extent of reaction again being determined by the

number of electrons striking the surface.

Future work involving tetramethylsilane will be directed towards ascer-
taining (a) which of processes (iii) or (iv) produces more effective
polymers, (b) the actual all-over chemical structure of the polymers as
obtained by continuous mass-spectrometric analysis of the gas phase, and
(c) the effect of parameters such as substrate temperature, pressure, and
electron current, both on the rate of polymer formation and on its pro-
perties. Several confirmatory experiments on the formation of the adsorbed
layer are still outstanding. Work should be accomplished using an Omega-
tron capable of analysis of the gas phase, at low ionising voltages; there
by enabling analysis to be made during reaction, and of very fast scan

rates, such that very fast reactions may be studied.
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PHYSICAL AND CHEMICAL PROPERTIES OF THIN POLYMER FILMS

Final Report to TRW Systems
under Purchase Order K 4231-SC
Dartmouth College
Hanover, New Hampshire

by
Robert W. Christy

1 July 1966 - 1 June 1967

PHOTOCURRENTS THROUGH THIN POLYMER FILMS
INTRODUCTION

Thin insulating films can be formed on a substrate in vacuum when the
substrate is simultaneously bombarded by an electron beam and by molecules
of an organic or silicone monomer. The dielectric films thus formed have
exceptional insulating properties, good adhesion, excellent temperature
stability, and are unaffected by most solvents. The mechanism of the film
formation is the free-radical polymerization of the molecules adsorbed on
the surface, under the action of the bombarding electrons. The molecules
are cross-linked by the electron beam to form a solid polymer film. The
rate of deposition of the solid film depends on the substrate temperature,
electron beam current density, and flux of molecules per unit area. The
influence of these factors which is observed experimentally is satisfactorily
explained by a phenomenological kinetic theory, which also involves the
electron cross-section for the cross-linking reaction and the mean time of

stay of the molecules on the surface.l’2

The electrical properties of the thin polymer films have been previously
studied in detail.s’4 Sandwiches consisting of a polymer film between two
metal films show nonlinear current-voltage characteristics which have not

yet been satisfactorily explained. In addition they exhibit aging when
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Future plans are to run a program involving a study of polymers formed

from a varied range of monomers. The emphasis of this work will initially
be on comparing the physical and chemical properties of various polymers
prepared under identical conditions. Properties to be studied will in-
clude adhesion strength, chemical inertness, electrical properties, infra-
red adsorption, etc. Various metal substances will also be used which will

be in the form of metal ribbons.
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due to free carriers produced in the polymer film itself. This volume
photoconductivity, which gives further information on energy levels, should

predominate in thicker films.

EXPERIMENTAL PROCEDURE

The sandwiches were constructed by evaporating a metal strip, called the
electrode, onto a glass microscope slide. This strip was covered with a
thin layer of DC 704 silicone o0il polymerized by electron bombardment.
Over this layer at right angles to the electrode was evaporated a second,
semitransparent, metal strip, called the counterelectrode. The finished
sandwich was removed from the evaporating system to an evacuable sample
holder with electrical leads and optical window for the dark current and
photocurrent measurements. Dark current was measured by connecting a
voltmeter in parallel with the sample, and connecting an ammeter and vari-
able DC emf across this combination. The photocurrent is the additional
current observed in a similar arrangement when a monochromatic light was
shone on the counterelectrode. The photocurrents were generally comparable
with the dark currents. Since the counterelectrode was partially trans-

parent, photoemission from both electrodes could occur simultaneously.

Sandwich Construction

The glass slide substrates were cleaned in an ultrasonic cleaner, first in

detergent solution, rinsed in distilled water, and then in alcohol.

The substrate was mounted in the vacuum system on a rotatable substrate
carrier, which can position the substrate over either of two evaporating
filaments or an electron gun (see Figure 6-4). The substrate is protected
by a solenoid-actuated shutter. The aluminum metal was evaporated from
tungsten wire baskets at a rate of approximately 30 R/sec at pressures
around 5 x 10"6 Torr. The electrodes were about 1500 A thick and 1.8 mm
wide, giving an active area of about 3.2 mmz. Electrical connection to
the electrode was made by indium-soldering nickel-wire leads to the glass

substrate.
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exposed to air; this aging may be related to the number of free radicals
remaining in the film after the electron bombardment. These properties
presumably depend on the distribution of conduction electron energy levels

in the polymer.

Regarding the polymer valence-electron structure from the standpoint of
band theory, the energy levels of the conduction band states can be further
elucidated by photoemission of electrons into the thin film insulator from
metal electrodes. Measurement of the photocurrent as a function of photon
energy and bias voltage applied to metal-insulator-metal sandwiches should
give the variation of the conduction band height through the thickness of
the insulating film. This technique has been successfully applied to a

similar investigation of aluminum oxide insulating films.5

In the following we report the results of photocurrent measurements .on
aluminum-polymer-aluminum sandwiches. The polymer was formed by electron
bombardment of DC 704, a tetramethyltetraphenyltrisiloxane made by the
Dow-Corning Company. In all these sandwiches the electron/molecule ratio
during formation of the polymer was maintained at the same relatively

large value, and the substrate was at room temperature. All current-voltage
and photocurrent measurements were made at room temperature, with only a

few minutes' exposure of the sample to air. In each case the thickness of
the polymer film was of the order of 200 R. The aluminum film toward the
incident light was semitransparent, so that photoemission from both aluminum

films can be expected.

The photocurrent measurements were made in the wavelength range from 350
to 620 mu (2.0 to 3.5 eV). At wavelengths longer than about 550 mu (below
2.2 eV) the polymer film is relatively transparent,3 so that any photo-
current may be due to emission from the metal electrodes. At about 410 mu
(3.0 eV), the absorption by the polymer film becomes of the order of 10%.
Thus at shorter wavelengths (high energy) the current due to photoemission

from the electrodes may be complicated by absorption or by a photocurrent
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The electron gun was a diode flood gun, using an oxide-coated cathode.
The anode aperture had a diameter of 6.3 mm, and was about 2 mm from the
cathode, and about 12.5 cm directly below the substrate. The normal
operating conditions were as follows:

anode voltage ov
cathode voltage -400 V
filament current 3.3 A

During formation of the polymer film on the substrate, a bias of +90 V
was applied to the electrode, so that all secondary electrons were
presumably collected. (Lampblack was coated onto the mask in front of
the substrate, in order to minimize secondary electron production by
primary electrons which hit the mask.) The net current to the substrate
was normally about 300 uA, and the rate of film formation was about
ZSZ/min. The mask had a diameter of 13 mm, giving a uniform polymer spot
of approximately this diameter. Over the polymer spot there was room to
evaporate four separate counterelectrodes, of different thicknesses if
desired. Since the counterelectrode thitkness is only of the order of
100 R, aluminum is probably a better material than silver for this film:
Silver films of tﬁis thickness tend to be discontinuous6, whereas aluminum

is more likely to be continuous.

The source of DC 704 which provides the flux of molecules is a small
cylinder which is mounted 3.5 cm from the substrate at an angle of 50°

from the normal. It is a copper cylinder 1/2" ID and 1" long with wire
wrapped around it for a heating element. A thermocouple is mounted in

the base to measure the temperature of the oil. The films reported here
were made with the oil at room temperature, but the temperature variability
is provided so that the molecule flux can be varied in future experiments.
During the formation of the polymer films the vacuum system is trapped
with liquid nitrogen; the rate of formation due to back-streaming pump oil

is negligible, but nevertheless the pump contains DC 704 so that any
contamination is a higher order effect.
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Figure 6-4. Substrate Holder and Source Assembly
' in Vacuum System

Figure 6-5. Specimen Holder for Electrical and
Photoelectric Measurements
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Figure 6-6. Circuit for Measurement of Dark Current

Y

Figure 6-7. Voltage Generator for Circuit of Figure 6-6
All resistors are 1 k2 except as noted.
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Electrical Measurements

A sample holder was constructed for the electrical and photoelectric
measurements on the finished metal-polymer-metal sandwhiches (see Figure
6-5). The specimen is enclosed in a copper can for purposes of electro-
static shielding; four electrical leads enter through BNC connectors.

This can may be evacuated, so that the measurements can be made under
vacuum conditions. (Rapid aging of the insulating films occurs during
exposure to air.) A quartz window with O-ring seal admits visible and uv
light for the photoelectric measurements. Electrical leads are attached
to the specimen electrodes (aluminum films) by soldering them to the glass

substrate with indium.

The circuit (Figure 6-6) for measuring the V-I characteristics (dark
current) of the completed sandwiches consists of a generator which supplies
a voltage that increases at an approximately constant time-rate; a high-
impedance voltmeter (General Radio Electrometer-Amplifier Type 1230A), a
micromicroammeter (Hewleft-?aékard Model 425A), and an X-Y recorder
(Moseley Model 135) to record the voltmeter and ammeter outputs. The
voltage generator output is the voltage across a large capacitor which is
charged through a high resistance by a battery (Figure 6-7). For example,
with a 9 V battery, 10 MQ resistor, and 68 uF capacitor, the output
voltage rises from 0 to 1 V in about 50 sec. Slower rates are obtainaple
by dropping the battery voltage. In the circuit connections used, the
ammeter measures the current through the voltmeter as well as the current
through the sample. Because the voltmeter input impedance is about 10149

its effect is negligible. All leads are shielded.

Photocurrents could be measured using the same circuit as for the dark
current, but with a constant (though variable) voltage source, simply by
shining a light on the specimen and noting the increase of current. In
this method, however, the current is observed to change with time after
the light is turned on, and again after it is turned off. In order to
eliminate the dependence of the observations on such trapping and space-

charge effects, a pulsed-light technique was used. This was accomplished
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by limiting the exposure to light to three light pulses of 0.1 sec
duration. Shorter pulses could not be used because capacitance of the
sandwich introduced rise times of the order of several milliseconds. The
photocurrent pulse appeared as a voltage across a 10 MQ resistor which
replaces the ammeter in Figure 6-6. The voltage pulse was amplified 1000x
by a Tektronix Type 122 low-level preamplifier, and displayed on a Tektronix
Type 545 oscilloscope which had a 60-cycle filter before its input. The
current was calculated by measuring photographs of the oscilloscope trace,
using the voltage scale calibration of the oscilloscope. For the low-level
signals, a TMC Mod. CAT-1024 Computer-of-Average-Transients permits to
eliminate the random noise from the signal by averaging over a number of
sets of three pulses. Its output could be either photographed or recorded

on the recorder.

Light Source

The monochromatic light was obtained at the exit slit of a Bausch and Lomb
250-mm grating monochromator. The sources were Bausch and Lomb tungsten
lamp and high pressure mercury arc accessory to the monochromator. The
slits were set at 4 mm, giving a pass band of 50 A. Intensities at all
wavelengths used were of the order of 1000 uW/cmz. A rotating shutter at
the exit slit was used to pulse the light incident on the sample, which

is about 8 cm from the exit slit in the evacuated, shielded sample chamber.

The monochromator output intensity at the position of the sample was
calibrated with an E G § G Spectroradiometer, Model 580, or with a Leybold
557-36 Thermopile and EMR Mod. 33-B Ten-cycle amplifier.

EXPERIMENTAL RESULTS

The V-I curve for the dark current of a typical aluminum-polymer-aluminum
sandwich is shown in Figure 6-8. The curve is approximately linear at low
voltage (not apparent on the scale in the figure), and exponential at
higher voltage as observed previously4. Both the rate of film formation
and the magnitude of the current are in reasonable agreement with previous
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Figure 6-9. Photocurrent as a Function of Applied Bias
Voltage, for Several Different Photon Energies

Figure 6-10. Photocurrent Pulses at Different Wavelengths
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resultsl’4 applicable to a relatively large electron/molecule ratio.

The non-zero current at zero voltage is due to the capacity of the sandwich.
The sample is effectively a parallel combination of resistance R and
capacitance C. The linearly increasing applied voltage V gi s a constant

charging current into this capacitance,
I° = C dv/dt,

which constant current is added to the current through the sample resistance,
V/R. The zero-voltage current can be used to give a measure of the capacity
of the sandwich, and therefore of the thickness of the polymer film, from

the formula (in MKS units)
C=cA/s,

where A = 3.2 x 10'6 m2 was the area and s the thickness of the polyﬁer.
The relative dielectric constant has been determined3 to be 2.8 for some-

what thicker polymer films.

The capacity can also be measured using an AC bridge. The bridge measure-
ments give results somewhat smaller than the estimate of C obtained from
the V-I curves. The quoted thicknesses are calculated from the bridge
measurement of C, so as to be comparable with previously reported work4.
(The capacity of the present films was measured at room temperature; the

value at liquid nitrogen temperature or below may be about 10% smaller.4)

Figure 6-9 shows the dependence of the photocurrent upon the voltage
applied to the sandwich for several fixed photon energies. The curves have
been normalized for the dependence of light intensity on wavelength.
Positive voltage means that the counterelectrode is positive with respect
to the electrode, and positive current corresponds to electrons going from
the electrode to the counterelectrode. These curves are obtained from

oscilloscope traces of the type shown in Figure 6-10. The three traces
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are for wavelengths of 354, 413, and 440 mu and + 2V bias, with sweep
speed 0.1 sec/cm, sensitivity 20 uV/cm (sample P26-1). The photocurrent
increases both with increasing bias voltage and increasing photon energy.
The asymmetry seen in Figure 6-9 appears to be typical of the sandwiches
studied under the stated conditions. For zero bias, the electrons move

predominantly toward the electrode rather than the counterelectrode.

DISCUSSION

Two different sources of photon-produced charge carriers can be considered
in order to explain the experimental photocurrent curves: 1) carriers
excited from the conduction band states of the metal electrode into con-
ducting states of the insulator and transported from the boundaries
through the insulator, and 2) carriers excited from non-conducting to
conducting states in the volume of the insulator itself. In either case
the conductivity would depend on the number of carriers produced and the
"Schubweg," i.e. the mean distance traveled before retrapping of the
carrier. The Schubweg depends on the applied electric field and on the

density of trapping centers for the carriers.

The analysis of photoemission from the electrodes shows7 that in first
approximation the current should be proportional to (v - "0)2’ where v
is the photon frequency and Yo is the threshold frequency. Thus a plot

1/2
of I

emission (Fowler plot). A Fowler plot of the data in Figure 6-9 is shown

versus photon energy should be linear near the cutoff for photo-

in Figure 6-11. These curves show an approximately liner dependence, with
a threshold frequency which depends on bias voltage. The threshold photon
energy is shown as a function of bias voltage in Figure 6-12. Using this
model, Geppert has shown8’s how the shape of the bottom of the conduction
band can be obtained from Figure 6-12. This analysis would give a barrier
height of about 2.0 eV at the counterelectrode, rising to about 2.15 eV in
a distance equal to one-tenth of the thickness. Beyond this point the
bottom of the conduction band would have to bend down again, in order to
account for the negative current at zero bias. These results are not

unreasonable, but the other branch of the curve in Figure 6-12,
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corresponding to positive (counterelectrode) bias is difficult to under-
stand. For large positive bias the current is positive, corresponding to
electron emission from the electrode. It seems impossible that the barrier
height should be greater than 2 eV in this circumstance. Similar arguments
would appear to apply if hole conduction is assumed instead of electron

conduction.

Another possibility is that the charge carriers are produced in the volume
of the polymer film rather than at the metal electrodes. There is probably
some photon absorption in the polymer throughout the wavelength range in-
vestigated. The absorption by the present films is too small to measure,
but it has been measured in a thick (17,000 7\) polymer film produced

under similar conditions by H. T. Mann. The absorption constant o is

shown in Figure 6-13 as a function of photon energy. A photocurrent I

depends on a as follows.g

I = (nN_e/t) (w/s),

where 1 is the quantum yield (i.e. the number of charge carriers produced
per photon absorbed), Na is the number of photons absorbed in time t, e
is the electron charge, w is the Schubweg, and s is the sample thickness.
If N, is the number of photons incident, then

Na = Ni(1 - e'as)aasNi for as << 1.

Putting
Ni = At J/hv

where A is the sample area, J is the incident light intensity, and hv

is the photon energy, we get
I = an(w/s)(JAse/hv).

Inserting the appropriate values for the known quantities, we find
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I = an‘l(w/s)lo'12 A.

If n(w/s) = 1 (its maximum possible value), then

1~ a10l? A,
Thus for « greater than 102 cm'1 we get the observed order of magnitude of
photocurrent in the correct wavelength range. The electric field (bias
voltage) dependence comes in through the Schubweg, so that (w/s) must be
less than 1. The nonlinearity with voltage is not normally expected, but
it is not impossible. The only wavelength dependent quantities in the
equation for I are I, 7, a, and hy (siﬁce the wavelength dependence of J
has been normalized out). Plotting the experimental values of I/(a/hv)
would give the wavelength dependence of the quantum yield . This is
shown in Figure 6-14. While o changes by a factor of 20, nvaries only by
a factor of about 2.
Whatever the correct explanation of the source of the photoelectrons, the
existence of a photocurrent for zero applied field vefy likely means that
there is an internal field in the insulator. Since about + 1.5 V is
required to reduce the current to zero for the sample in Figure 6-9, the
bottom of the conduction band is presumably lower by this amount on the
side toward the substrate. This difference might occur if conditions
changed during the course of the electron bombardment, for example if
collection of secondary electrons were greater in the initial stages. It
should be noted that some other samples showed considerably smaller

asymmetry.

Measurement of photocurrents through polymer films has been shown to be

a useful tool for the study of the electronic structure of the polymer.

It remains to use this tool to investigate the effects of polymer thickness,
electron/molecule ratio during formation, and aging in air. One could
expect that volume photoconductivity would predominate for thicker films

and emission from the clectrodes for thinner films.
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